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INTRODUCTORY REMARKS 


By Hilary Koprowski 


Lederle Laboratories Division, American Cyanamid Company, Pearl River, N.Y. 


In a brilliant essay published recently, Rene J. Dubos commented on the per- 
sisting importance of bacterial infections as problems in medicine and public 
health, even though supposedly effective control measures are the hallmarks 
of the present era. That this is so is attested by the fact that bacterial in- 
fections comprise the subject of monographs based on conferences held twice 
within a span of 2 weeks at the Academy. This publication deals with 
Staphylococcus, while that shortly to follow it will deal with natural resistance 
to infections, and will discuss many of the enigmas of nonsusceptibility and 
susceptibility to bacterial infections. The swing toward devoting more at- 
tention to these aspects of microbiology reminds one of the statement of 
Schopenhauer that ‘‘Opinion is like a pendulum and obeys the same law. 
If it goes past the center of gravity on one side, it must go a like distance on 
the other; it is only after a certain time that it finds the true point at which 
it can remain at rest.” 

The first paper of this monograph deals with ‘“‘The Problem of Staphylococcal 
Infection,” and the final paper with ““The Unknowns of Staphylococcal Infec- 
tion.” The finale, like so many other endings, is but a prelude and stimulus 
for future investigations. These studies are, slightly paraphrasing A. P. 
Herbert, “‘in main, faithful mirrors of our times; and if the reflections displease 
us...no man of sense will throw stones at his looking-glass; he will take 
steps to improve his reflections.” 


un 
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Part I. Host Factors in Experimental Staphylococcal Infections 
THE PROBLEM OF STAPHYLOCOCCAL INFECTIONS 


By Walsh McDermott 
Cornell University Medical College, Cornell University, New York, N. Y. 


The control of the great plagues and certain of the acute bacterial infec- 
tions have not delivered mankind from infectious disease, but they have very 
decidedly changed the na/ure of that disease in certain countries of the world 
including our own. : 

The principal change in these countries has been the throwing into promi- 
nence of those bacterial diseases that characteristically require a relatively 
greater reduction of bodily defense before infection can become disease. To 
be sure, the initiation of any disease involving a particular microbe presumably 
requires some breakdown, however temporary, of the defense mechanisms of 
the host. Nevertheless, certain microbes seem to require more of such help 
than others. 

As we all know, the 3 principal diseases involving bacteria that are most 
prominent in the United States are those diseases produced by the bowel 
flora, by tubercle bacilli, and by staphylococci. These 3 groups of diseases 
have a number of features in common. Above all, they share in the fact that 
harboring of the parasite is commonplace but disease is rare. This means 
that the spread of these diseases among a group of persons is not to be re- 
garded as a visitation from without but rather as an indication that something 
is going wrong with the crude equilibrium that had previously existed in that 
community. 

If this be so, it follows that we should not be exclusively preoccupied with 
attempts to drive invaders out, for we are not really dealing with invaders 
but with original settlers. If they were not actually here first, they were cer- 
tainly a close second. Indeed, in the specific case of staphylococci, most 
babies acquire them during the first week of life. Our preoccupation should 
be with attempts to discover what it is that goes wrong and that permits these 
“hangers-on” to gain control. Or, more specifically, we should be concerned 
with a study of what there is to go wrong. The fact that this is indeed a subject 
of widespread experimental preoccupation is emphasized from the titles listed 
in this monograph. 

Before concentrating exclusively on staphylococci, however, it might be 
helpful to recall certain of the other properties held in common by staphylococ- 
cal disease and its 2 sister diseases, those caused by tubercle bacilli and those 
caused by individual members of the bowel flora. First, with all 3 groups 
of diseases, there is the fact mentioned previously that the presence of the 
microbe is commonplace, while disease and illness are rare. This leads to the 
obvious inference that either the microbe or the host must undergo some sig- 
nificant alteration before infection can become disease. In addition, and 
with certain individual exceptions, there run through the microbes of all 3 
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groups of disease the common tendencies (1) to produce localized lesions with 
destruction of tissue, (2) to produce endotoxins or tuberculin, (3) to survive 
intracellularly (only in the case of tubercle bacilli and staphylococci), (4) to 
produce illness that may range from the exceedingly acute all the way to the 
barely perceptible chronic forms, and (5) to exist or to emerge in a form re- 
sistant to one or more antimicrobial drugs. 

For these reasons, and even without respect to the matter of drug resistance, 
the antimicrobial therapy of these forms of localized bacterial diseases has 
always represented a less important portion of the total therapy than it has 
with certain of the acute, relatively nondestructive microbial diseases. 

Generalizations such as these are quite helpful when we are trying to outline 
and define a problem. We all know, however, that these generalizations soon 
reach their limits and, if there is one thing characteristic of staphylococci, it is 
the complete /ack of generality that they display with respect to many of the 
attributes related to the disease production in which we are most interested. 

Although these papers discuss something called staphylococcal infection, 
we all know that this is not always quite the same thing as staphylococcal 
disease. We know, too, that even if we limit ourselves to the staphylococci 
that regularly produce the aureus pigment and coagulase, or even to the mem- 
bers of the same bacteriophage type, we are not necessarily on firm ground with 
respect to their homogeneity in terms of ability to initiate disease in man or 
some laboratory animal. At times it seems as if every Staphylococcus is 
different. 


Difficult Diagnoses 


In addition to the strong individualistic tradition among staphylococci, 
consideration of the subject of staphylococcal infections or disease is further 
complicated by the very real difficulties in establishing a diagnosis. Here, we 
have the same general problem that we face with any ubiquitous microbe, 
but with the added obstacle of the knowledge that staphylococci are capable 
of producing lesions virtually anywhere on the body surface and that human 
carriers of staphylococci are commonplace. As a consequence we cannot 
accept the mere presence of staphylococci in an open lesion such as a wound, 
even an operative wound, with any degree of confidence that the microbe and 
the lesion are necessarily related. In short, open wounds on open wards, no 
matter how carefully the wound may be protected by surgical dressing, are 
seldom suitable objects for the study of staphylococcal infection and disease 
in spite of the fact that we know that some of these lesions could be related to 
the staphylococci. é 

Accordingly, in considering staphylococcal infection and disease, one must 
limit the discussion to lesions that had never shown external drainage at the 
time of first culture, that is, the so-called “closed lesions” and the infections 
accompanied by bacteremia. Even with the so-called ‘‘closed lesions the 
chance of contaminating the lesion by an irrelevant Staphylococcus is present, 
but can be minimized with proper care. 

These points are quite well known to all of us. Nevertheless, I am convinced 
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that we who are familiar with them have almost completely failed to communi- 
cate them to our scientific colleagues not directly connected with the staphylo- 
coccal field. We have sinned further, in my opinion, by not clearly pointing 
out that most of the large-scale clinical investigations on drug-resistant staph- 
ylococci were not concerned with staphylococcal disease at all, but had to do 
with something quite different: namely, the healthy carriers of staphylococci. 
Finally, while I am on the subject of our sins, until recently we quite failed to 
emphasize something we all knew, namely, that a penicillin-susceptible staph- 
ylococcal infection in a patient virtually never becomes penicillin-resistant dur- 
ing therapy. Asa result of this failure in ordinary communication I am quite 
confident that physicians and others interested but not directly engaged in the 
field have the misconception that the number of patents with actual drug- 
resistant staphylococcal infections and disease seen each year on general 
hospital service can be numbered in the hundreds. There exists the further 
misconception that if one treats a penicillin-susceptible instance of serious 
staphylococcal disease with penicillin, the drug will soon prove valueless be- 
cause of the emergence to predominance of drug-resistant staphylococci. 


Recent Developments 


With full appreciation of the problems presented by this individualistic 
tradition of staphylococci and the difficulties in diagnosis, let us turn now to 
the question of the staphylococcal problem as we face it today. Let us also try 
to see whether the problem is significantly different from that presented a 
decade or so ago. 

First, let us ask whether our population at large or the special population 
in our hospitals is experiencing any greater exposure to staphylococci than was 
the case 10 or 12 years ago. Fortunately, careful studies bearing on this point 
are available and indicate that this is not the case. We have, for example, the 
detailed studies of A. A. Miles and his associates! in England, published in 1944, 
and we have many studies with the phage-typing method conducted in widely 
separated portions of the world during recent years. All of these studies show 
substantially the same results. 

Approximately one half of any group of adults not in a hospital are nasal 
carriers of staphylococci when studied at a single point in time. When mem- 
bers of the group are followed individually for periods of several weeks or 
longer, the percentage harboring staphylococci at one time or another rises and 
may reach 70 or 80 per cent. Likewise, when patients are studied on first 
admission to a hospital and then throughout a hospital stay, the percentage 
harboring staphylococci goes up appreciably from the 50-per cent level ea 
admission and then tends to fall back again after discharge. 

One of the many interesting observations brought out in this type of study 
has been the statement of Miles, who said in 1944 that “The nasal carrier 
state varies, not with the environment of the person, but with the person him- 
self. There is a marked tendency for persons to be either persistent carriers* 
or persistently free from nasal Staph. aureus.” 


* Italicized by Walsh McDermott. 
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Included in this monograph is a paper by Vernon Knight showing that this 
rather fascinating phenomenon is also true today. 

It appears, then, that in answer to the first question there is no indication 
that our degree of exposure to staphylococci either in or out of our hospitals 
is any greater today than it was 12 years ago. This is not particularly sur- 
prising, and it is perhaps just another way of saying that staphylococci were 
plentiful then and are plentiful now. 

The next question that arises is whether there is any reason to believe that 
strains of staphylococci of enhanced pathogenicity for man are more prevalent 
today than they were 10 or 15 years ago. 

This question is less readily answered than the previous question because 
of the nature of the problem. If such anincreased prevalence of more pathogenic 
staphylococci were occurring, however, it would be most readily apparent in 
the number and the clinical forms of the staphylococcal disease seen in pa- 
tients on admission to the hospital. 

Infections occurring in the hospital environment itself would not provide 
much information on this subject unless the infections were truly overwhelm- 
ing. The reason for this is that in a hospital population the presence of so 
many people ill with other diseases, or experiencing illness as the immediate 
after-effect of treatment, would make it difficult to distinguish between in- 
creased pathogenicity of the staphylococci or decreased resistance of the 
host in any individual situation. 

In recent years there appears to have been surprisingly little attention di- 
rected toward patients newly admitted to hospitals. Everyone seems to agree 
that one of the commonest forms of serious staphylococcal disease, the primary 
hematogenous osteomyelitis of childhood and adolescence, has virtually dis- 
appeared from our admitting rooms. I also suspect that patients with car- 
buncles and recurrent boils are requesting admission to the hospital less fre- 
quently than was the case 10 or 15 years ago, but I cannot substantiate this 
suspicion. In several of the recent reports, for example one made by Barber 
and Burton? from London, the number and the form of staphylococcal disease 
seen in patients on admission to the hospital are listed, but no comment is 
made as to how the material compares with the experience in years past. 

In the 20-year period from 1933 to 1953 at the Johns Hopkins Medical Center, 
Baltimore, Md., Fisher ef al.* reported that slightly over 100 patients with 
staphylococcemia were seen. This number presumably also includes patients 
who developed bacteremia while in the hospital. Nevertheless, the crude figure 
of 5 to 10 patients admitted annually with staphylococcal bacteremia would be 
consistent with what has been seen at New York Hospital-Cornell Medical 
Center, New York, N. Y. It should be mentioned, moreover, that admission 
rates of patients with staphylococcal bacteremia to the large university 
centers may give a falsely high value because of the tendency to transfer such 
patients to the larger centers after therapeutic failure in a smaller hospital. 

Another serious form of staphylococcal disease, the primary pneumonia of 
adults, tends to occur in sporadic outbreaks in association with viral influenza. 
It is difficult to form an estimate of the general annual incidence of this disease. 
It seems safe, however, to say that there has been no recent steady increase in 
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primary staphylococcal pneumonia in nonhospitalized patients. Such an 
increase, related or unrelated to influenza outbreaks, might be expected if 
strains of appreciably enhanced pathogenicity for man were becoming more 
prevalent. 

There is 1 entity, the staphylococcal empyema of infants, particularly of those 
under the age of 6 months, that has been reported to be on the increase. This 
entity probably represents a situation that is closer to that of the development 
of infection in the hospitalized patient than to that of the adult coming to the 
hospital with established staphylococcal disease. If, accordingly, there is an 
increase in this entity, and the fact that a real increase has occurred is by no 
means clear, the increase should be considered in relation to the problem of 
the development of staphylococcal disease by persons with hospital experience. 

In spite of this 1 possible reported exception, however, there is remarkably 
little evidence to suggest any notable increase in the number of patients, par- 
ticularly adult patients, appearing at our hospital admission rooms with 
staphylococcal disease. Moreover, there is nothing to suggest that the forms 
of the staphylococcal disease seen might represent the dissemination of more 
malignant strains of the microbe or the concentration of more malignant 
strains in particular localities outside of our hospital. Indeed, the one ap- 
parently definite change in the form of observable staphylococcal disease is for 
the better, namely, the virtual disappearance of the serious diseases of primary 
hematogenous osteomyelitis. 

The evidence available on the form and numbers of patients with staphylo- 
coccal disease requesting hospital admission is admittedly sketchy. Never- 
theless, much has been published on staphylococci in recent years. Yet, no 
one seems to be mentioning either any remarkable increase in the number of 
patients with staphylococcal disease or any increase in unusually malignant 
forms among the patients who present themselves for admission to the hos- 
pital. We have no reason for believing that there has been any spread of 
unusually virulent staphylococci among what might be termed “the public 
at large.” 

We have, therefore, a situation in which neither our patients in hospitals 
nor the public at large are apparently undergoing any greater exposure to 
staphylococci than was the case a decade or so ago. Also, we have no par- 
ticular reason to believe that there has been the wide increase in the prevalence 
of unusually pathogenic staphylococci, or even that there has been any sub- 
stantial numerical increase in staphylococcal disease occurring outside our 
hospitals. 

In brief, we have no convincing evidence or, indeed, even any particularly 
well-founded suspicion, that the crude equilibrium between the public at large and 
the ubiquitous staphylococci is shifting for the worse. If any shifts have occurred 
they seem to have been on the side of a more favorable situation for the mem- 


bers of the public. 
Staphylococci in Hospitals 


What, then, is the situation of our special communities of hospitalized pa- 
tients with respect to their crude equilibrium with their staphylococci? 
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As mentioned before, their risk of exposure to staphylococci in general is pre- 
sumably no different than it ever was, or at least no different than it has been 
in the past decade. There is the possibility, however, that there is now a 
wider prevalence of particular strains of increased pathogenicity for man. 
Because of the localized and highly special circumstances involved, is it not 
possible that especially pathogenic strains of staphylococci might be lurking 
in the hospital environment, whereas the same strains would not be so readily 
detectable when spread through the community at large? 

Let us set a measure of increased virulence in terms of epidemics of unusually 
serious staphylococcal disease involving a dozen or more patients at a time in 
a single hospital and occurring throughout our hospitals in general. Viewed 
in these terms I do not believe that we have a particularly good case for in- 
creased virulence of the so-called “hospital staphylococci.” When one con- 
siders the highly individualistic nature of staphylococci, however, it is by no 
means inconceivable that such strains are present here and there, though 
operating, thus far, only in terms of tiny localized epidemics. Indeed, there is 
some reason to believe, in the case of a few strains, notably the enterotoxin- 
producing strains, that this sort of thing is actually happening even though 
its over-all numerical expression is still quite small. 

Even this occurrence of tiny but multiple epidemics involving enterotoxin- 
producing staphylococci, however, does not establish that these strains are neces- 
sarily newcomers to our hospitals or that they have necessarily assumed in- 
creased virulence for man. We are obviously doing other things to our patients 
that we were not doing in years gone by, and it may be that if is the setting 
rather than any absolute increase in microbial virulence that determines this 
alarming phenomenon. 

There is, however, a phenomenon recently reemphasized by Barber and 
Burston? that might indicate that the staphylococci prevalent in our hospitals 
today have an increased pathogenicity for man. In brief, these workers have 
presented evidence that strains of staphylococci from the lesions of active staph- 
ylococcal disease may be the chief offenders in terms of cross-infection and in 
the ability to initiate staphylococcal disease in new hosts. It should be em- 
phasized ‘that these investigators do not present their findings as evidence 
that the lesion-producing staphylococci are necessarily more virulent than the 
more virulent of our present strains. They merely suggest that it is these 
lesion-producing staphylococci that have the capacity to initiate new disease 
in relative contrast to the staphylococci of the nasal carriers. 

These observations made by Barber and Burston, who used modern tech- 
niques, are particularly timely and should form the basis for detailed epi- 
demiologic investigations. It is no disparagement to point out that the findings 
recall to mind the well-respected item in the clinical lore of our fathers genera- 
tion to the effect that a hand infection in a surgeon or a pathologist was a far 
more dangerous thing than a hand infection in a housewife who had stuck 
herself with a pin. It was reasoned that the strain of microbe in the case of 
the surgeon or the pathologist was more dangerous on the grounds that it had 
been so recently producing disease in a patient. : 

Although these last few remarks on hospital staphylococci are relevant to the 
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central topic, they represent a slight digression from the consideration of 
whether today’s hospital staphylococci contain an impressively increased preva- 
lence of unprecedentedly virulent strains. On this subject I believe that, when 
one considers the wide range among individual strains of staphylococci in terms 
of ability to initiate new human disease, there is no convincing evidence that 
our hospital staphylococci, on the whole, are any more virulent for man than 
they ever were. 

As I see it, therefore, we are not subjecting our patients in hospitals to a 
greater risk of exposure to staphylococci or to any more especially virulent 
strains of staphylococci than we have ever done. : 

This does not mean that we are not seeing the development of more staphylo- 
coccal disease among our patients while they reside in our hospitals today than 
was the case a decade or so ago. Indeed, the only reason for qualifying the 
situation at all is the lack of precise comparative data for the 2 time periods. 
Despite the absence of precise data, I am confident that most of us are con- 
vinced that today we are seeing, with greater frequency, the actual develop- 
ment of staphylococcal disease in patients affer they have come into our hos- 
pitals. In short, we are beginning to detect signs that the hitherto satisfactory 
equilibrium between our hospital patients and staphylococci is becoming un- 
balanced. 

It is not so much that our patients in hospitals are being subjected to any 
greater challenge by staphylococci as it is that they are less well equipped 
to meet the same old challenge. Because they are less well equipped, it is 
necessary that they receive better protection. At the present time, however, 
we are doing considerably less than offering this protection. Indeed, in many 
cases we are actually lowering those few defenses the patient brings with him 
to the hospital. We are doing this with the bodily disturbances we create as 
an unsought-for accompaniment of many of our modern therapies. In effect, 
an unfortunate by-product of our life-saving and life-prolonging procedures 
is the creation of a favorable breeding place for staphylococci. 

This favorable breeding place is being created in several ways. First, our 
modern therapies are permitting the survival of people who are less able, in 
various undefined ways, to cope with bacterial infections. Examples of this 
sort are the insulin-treated diabetics, the children who have had splenectomies 
for various hematologic disorders, the adults who have had total gastrectomies, 
and perhaps-even some who have had partial pulmonary resections. Second, 
certain of our commonly used treatments such as cortisone, hydrocortisone and 
corticotropin, the more widely acting antimicrobials, and X-ray irradiation are 
known to create circumstances that, at times, facilitate the development of in- 
fection. It is conceivable that on certain occasions treatments such as the 
antihistaminics or the anticoagulants might unfavorably influence infection. 
Finally, in order to manage many of these modern treatments properly, it is 
necessary to perform venipunctures and skin punctures with unusual fre- 
quency on these very patients who, for one reason or another, are more liable 
to the development of infection. 

To be sure, this increased congregation of more susceptible hosts in our 
hospitals is not necessarily the only reason for the apparent increase in staphylo- 
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coccal infections developing in the hospital. Nevertheless, it does seem to 
represent the principal difference between our situation today and that of a 
decade or so ago. Moreover, if this increase is occurring in the hospitals today, 
it is reasonable to expect that it will occur outside the hospital in the future 
as these various forces become operative on a wider scale. 

Assuming the validity of this analysis, how can the situation be improved? 
It would be pointless to think in terms of attempting to oppose many of the 
forces that are contributing to this situation because so many of these forces 
are such notable scientific achievements for the common good. Moreover, 
as staphylococci are ubiquitous, an approach based on attempts to eliminate 
them from the environment would not seem hopeful. In the same way, it does 
not appear that antimicrobial drugs, per se, would play an important role. 
Chemoprophylaxis is, at best, a two-edged sword. In the present situation the 
necessity for protecting the patient for such very long periods against a number 
of microbial species in addition to staphylococci makes the use of drugs im- 
practicable. 

Two approaches exist that seem reasonable. The first is for us all to have a 
continuing awareness of the fact that our hospitalized patients today are, 
on the whole, less able to cope with staphylococci than was formerly the case. 
This means that we should review and probably intensify our aseptic practices, 
not only in the operating room, but especially in connection with the ordinary 
“‘puncture’’ procedures used in the wards. 

The second approach is the major one, namely, to find means for increasing 
bodily defenses against staphylococci and to find means for restoring these 
defenses when they have been reduced. The logic of this approach is evident 
if you agree with me that the crux of today’s staphylococcal problem hes not 
so much in changes in our staphylococci as it does in changes in the status of 
their hosts. The difficulties with this second type of approach arise im- 
mediately, however, and stem from the fact that we are almost wholly ig- 
norant of the mechanics of staphylococcal infection and disease. Until we 
can discover more than we know now concerning what determines the patho- 
genicity of certain staphylococci and how the healthy host manages to live 
in peace with them, it is not likely that our situation will materially improve. 

Therefore, this monograph, which is so largely dedicated to this central 
theme, represents a most timely and important study for all of us who are try- 
ing to learn more about staphylococcal disease. 
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Discussion of the Paper 


E. T. Bynor (Bacteriological Laboratories, Laboratory of Hygiene, Depart- 
mais National Health and Welfare, Ottawa, Ont., Canada): In reviewing the 
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staphylococcal problem as it exists today inside the hospital and in the com- 
munity at large, as Walsh McDermott states, “‘. .. we should review and prob- 
ably intensify our aseptic practices, not only in the operating room but espe- 
cially in connection with the ordinary ‘puncture’ procedures used in the wards.” 
In Canada, a special committee has been studying the problem of staphylococcal 
infections in our D. V. A. hospitals for the last couple of years, and we are 
agreed that the strictest attention to good aseptic techniques offers the best, 
perhaps the only, hope of controlling staphylococcal cross-infection in the hos- 
pital. It is generally admitted that during the past 15 years techniques have 
deteriorated because antibiotics have been increasingly relied upon to take care 
of any contamination that might occur. With the widespread prevalence of re- 
sistant staphylococci in our hospitals today, we can no longer rely on these drugs 
to prevent staphylococcal cross-infection, and we are forced to go back and take 
a good, critical second look at all our hospital practices with a view to tightening 
our defenses so as to block the transmission of these ubiquitous pathogens within 
the hospital. The sources, reservoirs, and means of transmission of staphylo- 
cocci in the hospital are so numerous that the prevention of hospital-acquired 
infection is a particularly difficult problem. Dust suppression, proper dressing 
techniques, isolation, chemical treatment of bedding, adequate ventilation, 
removal of carriers, occlusive dressings, and other means have all been demon- 
strated on occasion to lower the incidence of hospital-acquired infections. It 
is only, however, by trying to control all the means whereby the staphylococci 
are spread that we can expect to reduce to a minimum infections acquired in 
the hospital. It requires the concerted interest and action of all hospital 
personnel—surgical, medical, nursing, and housekeeping staffs. This is the 
plea we are making today, and the approach we are stressing is a return to and 
an improvement upon Listerian principles of aseptic and antiseptic techniques 
in our hospitals. 


STUDIES ON THE FATE OF VIRULENT AND AVIRULENT 
STAPHYLOCOCCI IN MICE* 


By J. Maclean Smith 
Department of Internal Medicine, State University of Iowa, Iowa City, Iowa 


An experimental intravenous infection in mice has been used to study the 
behavior of different strains of staphylococci.!. The method of Fenner, Martin, 
and Pierce® and Pierce, Dubos, and Schaefer was used to quantitate the survival 
of staphylococci in mouse tissues. FicurE 1 shows schematically the method 
in which these experiments were performed. The organism to be tested was 
grown in peptone broth overnight at a temperature of 37°C. The mice used 
were 3 to 4 weeks old and 0.1 cc. of culture was administered intravenously via 
the tail veins. The animals were restrained in small glass containers with the 
tails projecting as shown in the figure. At varying intervals after innoculation 
the animals were killed, and the organs were removed with sterile precautions 
and placed in tubes for homogenization. The grinding was carried out in 
Pyrex tubes with plastic grinders (see illustration in Pierce et al.5). By this 
means the organs were ground to a homogenate in a few seconds. A small 
quantity of this suspension was diluted tenfold in tubes containing either 0.1 
per cent albumin solution or tap water. From each dilution tube a small speci- 
men contained in a platinum loop was removed and plated on a nutrient agar 
plate. These plates were incubated overnight at 37°C. On the following day, 
counts were made from dilutions containing less than 200 colonies. From the 
information thus obtained the number of organisms present in the original organ 
was calculated. 

A series of experiments was carried out with the organisms Staphylococcus 
“Smith.” This organism was originally isolated from a patient with osteo- 
myelitis. It has been derived from the same source as SA 235. Details of 
such an experiment are shown in FIGURE 2. It will be seen that the organisms 
were initially plentiful in the spleen, but over a 2-week period they gradually 
decreased so that on the 14th day, by this technique, we were unable to detect any 
organisms. The same was true of the organisms in the liver. In the lungs, 
however, a different situation obtained. Here the initial number of organisms 
was lower but staphylocococci tended to persist throughout the experimental 
period. The organisms initially present in the kidney were small in number 
but progressive multiplication occurred. At the time of death, occurring be- 
tween the 7th and the 14th day, the staphylococci in the kidney were at a peak 
titer. The surviving animals showed a fall in titer from this peak level. FIc- 
URE 2 is representative of the results of a number of experiments of the same 
type. Further experiments were done, in which the animals were killed 1 to 2 
minutes after innoculation. It was found that the initial titer of organisms 
in all the organs was higher at this time, and that a inarked drop in the 


vat waatigati as carrie in cooperation with R. J. Dubos in his laboratories at the 
be i eels may chtro, gpa eerie vee The second part was carried out in the Infecti- 


i Medical Research, New York, N. I 1 d ; put i nfe 

ee Pepa ee: Be acese of Internal pacer vag Or ae by pabetad eae Bo red Penbem sy 

‘ _R.G. 4532 from the National Institutes o alth, Health Service, 

ee enc tion and Welfare, Bethesda, Md. The author acknowledges the valuable techni- 
, , 


cal assistance of Joan A. Becker and Phyllis D. Beals. 


67 


68 Annals New York Academy of Sciences 


IV. INOCULATION 


e 


\ ‘© 
iP PLATING 


7 


FicurE 1. The method used in enumerating staphylococci in mouse tissues 
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surviving number of staphylococci occurred during the first hour. Other 
experiments have also shown that organisms are present in the blood for the 
first 24 hours and occasionally slightly longer. 

A study was made of a number of organisms, some coagulase-positive and 
others coagulase-negative. In general the multiplication of different staphylo- 
coccal strains was similar except within the kidney. FiGurE 3 shows the fate 
of the organisms in the kidney in a number of animals studied over a period of 
time. Each point on these graphs represents the mean titer of kidney staphylo- 
coccal populations of 4 to 12 animals. The top 3 lines represent animals in- 
fected with coagulase-positive organisms, namely ‘‘Giorgio,”’ a coagulase-posi- 
tive Staphylococcus aureus organism isolated from an infected craniotomy wound, 
“Smith,” the strain already referred to, and ‘“‘O’Hara,” which is aureus coagu- 
lase-positive and was isolated from a case of bronchio pneumonia. The 3 
bottom strains, “Air,” “Stern,” and “J.A.B.,” are all coagulase-negative 
Staphylococcus albus organisms isolated, in the case of Stern and J.A.B., from 
normal skin, and from the air in the other.case. The seventh organism on this 
chart, M.A.M., is a Staphylococcus albus that was initially coagulase-negative 
but appeared to change its characteristics in the laboratory and is at present 
weakly coagulase-positive. It is evident that there was a difference in the 
growth of these organisms in the mouse kidney. The coagulase-positive or- 
ganisms grow better in the kidney than do the coagulase-negative ones. There 
is a further difference within these 2 groups, however. Some coagulase-positive 
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Fate of Staphylococci in Organs of Micet 
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_ Ficure 2. The distribution of staphylococci in the organs of mice throughout a 2-week period. The lines 
in this figure are trend lines. 


organisms grow better than others. The same thing is true of the coagu- 
lase-negative group. The M.A.M. organisms with intermediate coagulase ac- 
tivity are also intermediate in their growth in the kidney. Comparison of this 
study with others involving other virulent-avirulent pairs of organisms allows 
us to make a hypothesis: Avirulent organisms differ from their virulent coun- 
terparts in their ability to grow in a “target”’ organ. 

Organisms collected from patients in the University Hospitals, Iowa City,* 
Iowa, have been tested in mice for their lethal effect and for their growth 
in the kidney. These organisms were collected from the skin, sputum, or 
lung, blood, throat, bone, and ear. They were grown ina way similar to 
that used in the last experiment and were also injected in 0.1 cc. volume of 
culture. In each case 15 4-week-old mice were injected, 10 for mortality 
studies and 5 for the kidney titer. Ficure 4 shows the effects seen with 
these different organisms. It is at once evident that although this dose is 
suitable for laboratory cultures it appears to be too high for the cultures 
newly isolated from patients. In a large number of cases all 10 animals injected 


* Kindly collected by members of the Department of Bacteriology, State University of lowa, Iowa City, 
Iowa, from routine cultures. 
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Fate Of Different Strains Of Staphylococci 
In The Kidneys Of Mice 
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FicureE 3. The titer of different strains of staphylococci in mouse kidneys at varying intervals after intra- 
venous inoculation. 


for mortality studies died. The organisms isolated from osteomyelitis cases 
did not kill as many mice as did organisms from other sources. It is of interest 
in this connection that, in surveys of human cases of septicemia, the death 
rate in cases following osteomyelitis was lower than the death rate in cases 
arising from other foci. Due to the high mortality we have rather few sur- 
vivors in which to test the kidney titer. Those that we have been able to 
test are shown in the bottom section of FIGURE 4. It is possible that this 
test may be useful in differentiating types of staphylococci. In its present 
form, however, this test is not as useful as it may be in the future. 

A review of staphylococcal septicemia in patients at the University Hos- 
pitals is at present being carried out,‘ and we have analyzed the results with 
the first 100 cases. Forty-one of these cases died of the infection and, in this 
group, 22 autopsies were carried out. In the autopsy group the lungs and 
kidneys were most often affected. In women, respiratory disease was com- 
monest and, in men, kidney disease was most frequent. In the whole autopsy 
group the kidneys were grossly involved in 68 per cent of cases. In an at- 
tempt to investigate the possible presence of renal failure and its contribution to 
death in these cases, creatinines, when available, were examined for the group 
of 100 cases. In 12 surviving cases, 2, or 17 per cent, were abnormal whereas, 
in 25 fatal cases, 10, or 40 per cent, were abnormal. Similarly, the blood urea 
was abnormal in 20 per cent of the surviving cases and in 61 per cent of the 
fatal cases. We therefore feel that it is probable that kidney malfunction 
contributes to death, and that the ability of the staphylococci to grow in the 
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Ficure 4. The mouse virulence of human staphylococci. 


human kidney may well be a contributing factor to the virulcuce of staphylo- 
) p g pny 
cocci in human patients. 
Summary 

An experimental staphylococcal infection in mice has shown that the or- 
ganisms survive best in the lungs and kidneys. A comparison of strains has 
shown a spectrum of virulence in mice related to the ability of the organisms 
to multiply in the mouse kidney. Organisms isolated from patients with 
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staphylococcal disease have been studied from the point of view of their 
virulence in mice. A study of human staphylococcal septicemia indicates 
that renal disease is an important factor and that it may be a contributory 
factor in causing death in fatal cases. 
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THE BLOOD STREAM CLEARANCE OF STAPHYLOCOCEL 
IN RABBITS* 


By David E. Rogerst 
Department of Medicine, New York Hospital-Cornell University Medical Center 
New York, N.Y. : 


Numerous experimental studies have demonstrated that most species of 
microorganisms are rapidly removed from the peripheral blood following their 
intravenous administration.** '® Although considerable data are available 
regarding the mechanisms responsible for the initial clearance of microor- 
ganisms from the blood stream, little attention has been directed toward the 
low level of bacteremia that may subsequently persist for many hours. 

Previous studies made in this laboratory have shown that staphylococci may 
survive for long periods of time within the cytoplasm of leukocytes.!° The 
present investigation was directed toward host factors that might permit 
small numbers of staphylococci to persist within the circulating blood of rab- 
bits. These studies suggest that coagulase-positive staphylococci are swiftly 
incorporated within circulating leukocytes and that such intraleukocytic resi- 
dence may prevent their effective removal from the circulation. 


Material and Methods 


Preparation of rabbits. Healthy male rabbits of mixed stock weighing from 
2.8 to 3.8 kg. were used in these experiments. In the performance of clear- 
ance studies both jugular veins were exposed through a thyroid incision, and 
catheters were passed into the superior vena cava and the left hepatic vein 
under fluoroscopic control. Both catheters were then led out subcutaneously 
through a small dorsal incision in the skin of the back, and the thyroid incision 
was closed. The animals were allowed to recover from anesthesia before 
clearance studies were initiated, and they stood unrestrained during the with- 
drawal of blood specimens. 

Procurement and plating of blood specimens. Microorganisms were injected 
via the marginal ear vein in 2.0 ml. of normal saline. At each sampling period 
both catheters were cleared by the removal of 2.0 ml. of blood, and samples 
for study were simultaneously obtained from both catheters. The blood was 
delivered to sterile tubes containing sufficient dried heparin io make a final 
concentration of 1:10,000. These tubes were maintained at 4° C. in an ice- 
salt bath. All specimens were appropriately diluted in tenfold distilled water 
blanks at 4° C. for duplicate platings within 5 minutes after withdrawal from 
the animal. 

Determination of intravascular phagocytosis. To detect the intravascular 
phagocytosis of microorganisms, a centrifugation technique described by Maa- 
lge7 was used. Preliminary control experiments were performed to determine 


* This study was orted in part by grants from the Lederle Laboratories Division, American Cyanamid 
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a centrifugation procedure that would sediment all leukocytes but would not 
affect extracellular microorganisms. Repeated control studies indicated that 
the number of microorganisms remaining in the supernatant following such 
centrifugation was not altered by incubation in plasma or in chilled whole blood 
by the presence of red cells or injured leukocytes. The degree of incorporation 
of microorganisms within leukocytes was then calculated from the differences 
in plate counts obtained from each total blood specimen, and the plate counts 
obtained from the supernatant following standard centrifugation. 

Cultures. A strain of Staphylococcus designated MAM was used in all these 
clearance studies. An 18-hour peptone infusion broth culture was used as the 
inoculum. This organism was a coagulase-positive staphylococcus that fer- 
mented mannite, was phosphatase-positive, and was lysed by phage 52A (for 
further description of the characteristics of this strain see Smith and Dubos"), 
A type-III pneumococcus originally obtained from Colin M. MacLeod was 
also used in some clearance experiments. 


Experimental 


The clearance of large numbers of staphylococci from superior caval blood. 
When rabbits were given 5 X 10% viable staphylococci intravenously, a con- 
sistent and reproducible clearance curve was obtained. Approximately 1 
million culturable staphylococci were present in superior caval blood 1 minute 
following injection. During the succeeding 20 minutes a swift 1 thousand- 
fold reduction in the circulating microbial population occurred. At 15 to 20 
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minutes, however, there was an abrupt reduction in the rate of clearance, re- 
sulting in a bacteremia of 1,000 to 2,000 staphylococci per ml. which persisted 
for long periods of time. Typical results obtained in 5 normal rabbits are il- 
lustrated in FIGURE 1. 

When the sampling period was extended beyond the 180 minutes noted in 
FIGURE 1, a slow decline in the level of bacteremia ensued. Nevertheless, the 
superior cava was never completely cleared of microorganisms, and a secondary 
increase in the level of bacteremia occurred 3 to 15 hours after the injection of 
culture. 

The trapping of circulating staphylococci within the splanchnic viscera. When 
simultaneous hepatic vein cultures were studied, a definite pattern of splanchnic 
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trapping of staphylococci became apparent. Hepatic blood specimens ob- 
tained during the rapid phase of clearance at 1, 3, and 5 minutes revealed only 
20 to 25 per cent as many staphylococci as cultures of superior caval blood 
(FIGURE 2). 

These findings were consistent from experiment to experiment, and they 
appeared to indicate efficient splanchnic trapping of staphylococci during this 
initial period. A progressive reduction in the degree of splanchnic removal 
then ensued. Within 20 minutes the number of culturable staphylococci in 
hepatic and superior caval blood was essentially equal, and little evidence of 
splanchnic trapping was apparent at subsequent sampling intervals. 

Such a decline in the degree of splanchnic removal of staphylococci suggested 
that saturation of removal mechanisms might account for the persistence of 
bacteremia. Experiments were thus performed in which a second intravenous 
injection of staphylococci was given when splanchnic trapping had significantly 
declined or virtually ceased. Such an experiment is illustrated in FIGURE 3. 

As noted in FIGURE 3, 75 to 80 per cent of the circulating staphylococci were 
removed in the splanchnic bed during the first 10 minutes after the injection of 
5 X 10° staphylococci. Ninety minutes after the initial injection, splanchnic 
removal had significantly declined, only 35 per cent of the circulating micro- 
organisms failing to traverse the splanchnic viscera. A second injection of 
5 X 10° staphylococci at this time resulted in rapid clearance which paralleled 
that clearance obtained following the initial injection of culture. Again he- 
patic blood cultures obtained during the second rapid phase of clearance re- 
vealed evidence of efficient splanchnic trapping. Ninety minutes following 
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the second injection, however, superior caval-hepatic vein differences had again 
declined significantly, and only 30 per cent of the circulating staphylococci ap- 
peared to remain in the splanchnic viscera. Such experiments appeared to rule 
out simple saturation of the splanchnic removal system as an explanation for 
the persistent bacteremia. 

Experiments in which the injected inoculum was reduced 1 thousandfold 
indicated that low initial levels of circulating staphylococci per se did not 
change initial clearance rates or reduce the degree of splanchnic removal of 
staphylococci. 

The intravascular phagocytosis of staphylococci. Review of the data obtained 
in these experiments suggested that intravascular phagocytosis might account 
for the phenomena observed. When blood specimens obtained during clear- 
ance were differentially cultured before and after the differential centrifugation 
procedure previously outlined, evidence of swift intravascular phagocytosis 
was obtained. Ficure 4 represents a composite graph of the degree of intra- 
vascular phagocytosis noted in 6 experiments. As seen in FIGURE 4, intravas- 
cular phagocytosis appeared to take place extremely rapidly, with 90 per cent 
of the microorganisms apparently residing within leukocytes within 20 min- 
utes. Throughout the remainder of the 180-minute clearance-period graph, 
virtually all of the viable circulating staphylococci appeared to be contained 
within leukocytes. 

The transport of intracellular staphylococci through the splanchnic viscera. ‘To 
determine whether intracellular or extracellular microorganisms were preferen- 
tially removed in transit through the liver and spleen, similar centrifugation 
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TABLE 1 


Tue PERCENTAGE OF STAPHYLOCOCCI CONTAINED WITHIN LEUKOCYTES IN 
SUPERIOR VENA CAVAL BLoop AND Hepatic VEIN BLOOD 
DuriING BLoop-STREAM CLEARANCE OF STAPHYLOCOCCI 


— 


Superior vena cava Hepatic vein Ratio 
Time after Staphylococci in 
injection Staphylococci | Per cent within | Staphylococci | Per cent within —pepatic ven 
per ml. blood leukocytes per ml. blood leukocytes UpeT once 
if 2 3 4 5 6 
1 min. 2,100,000 ie 440 , 000 | 88 0.21 
5 min. 115,000 89 27 ,000 | 92 0.24 
10 min. 11,500 88 8,100 95 0.70 
20 min. 4,000 | 96 | 2,750 94 0.69 
90 min. 2,900 not done SPAN | sata Coloreves qi 
3 hrs. 5,100 76 1,750 >99 0.34 
20 hrs. 11,100 not done | 5,300 | notdone | 0.48 
' | | | 


studies were performed on both superior caval and hepatic vein blood during the 
course of clearance. Such an experiment is recorded in TABLE 1. Columns 3 
and 5 indicate the percentage of microorgansism contained within leukocytes 
at each sampling period. 

As noted in columns 3 and 5 of TABLE 1, intravascular phagocytosis occurred 
rapidly, with over 70 per cent of the culturable staphylococci in superior caval 
blood appearing within the cellular layer at 1 minute. In all samples except 
the 20-minute specimen, the percentage of staphylococci associated with 
leukocytes was somewhat higher in hepatic vein blood, suggesting that micro- 
organisms within cells might preferentially traverse the splanchnic bed. 

In this particular experiment an increasing bacteremia occurred during the 
period of study, superior caval counts rising from 2,900 microorganisms per ml. 
at 90 minutes to 5,100 microorganisms per ml. at 3 hours. Differential cul- 
ture of the 3-hour superior caval specimen indicated that only 76 per cent of the 
circulating microorganisms were now contained within cells, suggesting the en- 
trance of extracellular staphylococci into the circulation. Simultaneous hepatic 
blood samples obtained at 3 hours revealed that virtually all of the culturable 
staphylococci traversing the splanchnic bed resided within cells at this sampling 
interval. As noted in column 6, splanchnic removal of microorganisms had 
gradually declined during the course of the experiment. As more extracellular 
staphylococci appeared in the circulation at 3 hours, splanchnic trapping was 
again evident, only 34 per cent of the circulating staphylococci now appearing 
in hepatic blood. Such findings have suggested that, as extracellular staphylo- 
cocci re-enter the blood stream during the period of increasing bacteremia 
splanchnic removal mechanisms are once again effective, and that extraceliuien 
staphylococci are preferentially sequestered in transit through the splanchnic 
bed. 

. Alterations in clearance produced by changes in Staphylococcus-leukocyte rela- 
tionships. Two additional series of experiments were performed to determine 
the effect of intraleukocytic residence on the clearance of staphylococci. In 1 
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series of experiments rabbits were made granulocytopenic by the injection of 
1.75 mg. of nitrogen mustard per kg. of body weight. Daily white blood 
cell and differential counts were performed, and clearance observations were 
made when circulating granulocytes had been reduced to less than 25 poly- 
morphonuclear leukocytes per cu. mm. 

In a second group of rabbits, exudates of polymorphonuclear leukocytes were 
created by the intraperitoneal injection of saline containing small amounts of 
soluble starch. The living polymorphonuclear leukocytes were harvested and 
allowed to phagocyte staphylococci in vitro. Such phagocytic mixtures, con- 
taining many intracellular staphylococci, were then injected into the same 
animal from which the leukocytes had originally been harvested, and clearance 
followed by serial blood cultures. The results of such studies are recorded 
in FIGURE 5. Observations on 2 granulocytopenic rabbits, 2 rabbits receiving 
“intracellular” staphylococci, and 4 normal animals are summarized. Each 
of these animals received between 4 and 6 X 108 viable units as an intravenous 
inoculum. 

As noted in FIGURE 5, initial clearance rates were similar. At 20 minutes 
and in subsequent specimens, however, striking differences in the levels of per- 
sisting bacteremia were apparent. Animals receiving ‘“‘intracellular’”’ staph- 
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ylococci maintained a bacteremia that averaged 5 times that seen in normal 
animals. In contrast, granulocytopenic animals reduced the level of bac- 
teremia to approximately one fifth that seen in normal animals. These 
observations tended to confirm the thesis that residence within circulating leuko- 
cytes protects staphylococci from removal from the blood stream in the reticulo- 
endothelial system. 

The removal of type-II pneumococci from superior caval blood. ‘To determine 
whether intravascular phagocytosis occurred following the intravenous in- 
jection of other microorganisms, clearance studies were performed following 
the injection of a type-III pneumococcus. When similar numbers of pneu- 
mococci were injected intravenously, striking differences in the clearance of the 
microorganism from superior caval blood were noted. Initial levels of bac- 
teremia were similar following the injection of either staphylococci or pneumo- 
cocci. The number of pneumococci present in peripheral blood fell steadily 
at somewhat slower initial rates than during the clearance of staphylococci. 
No significant decline in the rate of clearance subsequently occurred, however, 
and pneumococci disappeared or fell to extremely low levels (less than 10 micro- 
organisms per ml.) 45 to 90 minutes after the injection of culture. Studies on 
the degree of intravascular phagocytosis of viable pneumococci, carried out 
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with differential centrifugation, consistently indicated that all of the culturable 
pneumococci resided extracellularly in the plasma layer. 

To check the significance of such differences in clearance further, 2 rabbits 
were simultaneously injected with both pneumococci and staphylococci, and 
blood samples were simultaneously plated in Todd-Hewitt agar and Todd-Hewitt 
agar containing 0.015 per cent oleic acid. Numerous preliminary studies 
demonstrated that oleic acid in these concentrations completely eliminated 
the growth of pneumococci but had no affect on the quantitative recovery of 
staphylococci. Such an experiment is graphically represented in FIGURE 6. 

Staphylococci swiftly disappeared during the initial 10-minute period. 
Clearance then abruptly declined in rate, leveling off at about 1,000 microor- 
ganisms per ml. Differential centrifugation studies showed that most of the 
staphylococci were promptly situated within leukocytes. In contrast, pneu- 
mococci were removed from the blood stream at somewhat slower rates, but had 
completely disappeared from the blood 90 minutes after injection. During 
clearance, all of the culturable pneumococci remained free in the plasma layer. 

Alterations in circulating granulocytes occurring during blood stream clearance 
of microorganisms. ‘Total and differential leukocyte counts obtained during 
clearance studies revealed a striking and selective fall in the number of circu- 
lating polymorphonuclear leukocytes after the injection of either staphylococci 
or pneumococci. Alterations in the level of circulating granulocytes in 8 rabbits 
receiving either staphylococci or pneumococci are summarized in FIGURE 7. 

The injection of either microorganism produced a rapid and profound fall 
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in the number of circulating polymorphonuclear leukocytes. One minute after 
the injection of staphylococci the number of granulocytes had fallen to 38 per 
cent of control granulocyte counts. A similar rapid fall occurred following 
the injection of pneumococci. Leukocytes then swiftly reappeared in the 
circulating blood, the number of granulocytes equaling or exceeding control 
leukocyte counts within 10 to 20 minutes following injection. Generally, a 
leukocytosis subsequently occurred, and increasing numbers of immature 
granulocyte forms were apparent in smears obtained beyond 20 minutes 
following injection. 

The appearance of intracellular staphylococci on stained blood smears. Careful 
examination of stained smears revealed that staphylococci could be found within 
the cytoplasm of granulocytes within 1 minute after the injection of culture. 
All staphylococci visualized on 10-minute and subsequent smears were con- 
tained in cells, and extracellular staphylococci were not found beyond 10 minutes 
on repeated examinations. Only the pseudoeosinophilic, polymorphonuclear 
leukocytes of the rabbit appeared to ingest microorganisms. 

Similar examination of smears prepared following the intravenous adminis- 
tration of pneumococci also revealed the prompt appearance of intracellular 
cocci. This finding was unexpected, but appeared in every way to resemble 
the intravascular phagocytosis of staphylococci. Despite such intracellular 
location of some pneumococci, the differential centrifugation studies already 
described failed to reveal the presence of culturable pneumococci in association 
with leukocytes. It thus appeared probable that such intracellular pneumo- 
cocci were not longer viable, in contrast to staphylococci, which appeared to 
survive and remain culturable from within the cytoplasm of leukocytes. 


Discussion 


The experiments reported in this paper indicate that staphylococci may be 
swiftly incorporated within rabbit polymorphonuclear leukocytes. Such in- 
tracellular residence appears to protect some viable staphylococci from re- 
moval in the reticuloendothelial system of the liver and spleen. Following 
the intravenous injection of staphylococci, the majority of microorganisms are 
swiftly removed from the circulating blood. As increasing numbers of the cir- 
culating microbial population reside within leukocytes, however, splanchnic 
trapping appears to decline, and splanchnic removal virtually ceases when all 
of the staphylococci are situated within granulocytes. Saturation of splanchnic 
removal mechanisms has not been demonstrated in these studies. 

The observation that splanchnic mechanisms are once again effective in re- 
moving staphylococci from the circulation when extracellular microorganisms 
reappear during the later phase of increasing bacteremia, suggests that ex- 
tracellular staphylococci are preferentially sequestered in the reticuloendothelial 
bed. 

The decreasing splanchnic removal of microorganisms noted with the passage 
of time differs from the findings of Martin and his co-workers*: * who have 
demonstrated constant rates of splanchnic trapping during a continuous in- 
fusion of microorganisms. Such an infusion technique continuously introduces 
extracellular microorganisms into the blood stream, and it would appear that 
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the effects of intravascular phagocytosis might not be dete 
conditions. 

Circulating polymorphonuclear leukocytes rapidly disappear from the cir- 
culation following the injection of microorganisms. This finding has been 
noted following the injection of a wide variety of substances,!: 2) 2) 8 Studies 
by Wood" have suggested that the intravenous injection of bacteria may cause 
alterations in leukocytes and capillary endothelium, resulting in leukocytes 
sticking to capillary endothelium. Wood’s studies have further shown that 
leukocytes attached to the vascular endothelium are actively phagocytic. 

Our observations indicate that staphylococci may be ingested by polymorpho- 
nuclear leukocytes during the phase of leukopenia, perhaps by leukocytes 
sequestered in capillary beds throughout the body. The rapid return of granu- 
locyte counts to preinjection levels within 10 to 20 minutes following injection 
of bacteria suggests that such sequestered leukocytes may reappear in the circu- 
lation containing intracellular microorganisms. Splanchnic removal mecha- 
nisms significantly decline or virtually cease coincident with the return of granu- 
locytes to the circulation and the incorporation of most of the circulating 
staphylococci within leukocytes. 

These findings suggest that the intracellular residence of a small fraction 
of the microbial population following the injection of large numbers of staph- 
ylococci may explain the persistence of low-grade staphylococcal bacteremia 
in rabbits following the phase of rapid removal. 


cted under these 


Summary 


The studies reported here indicate that a single strain of staphylococci is 
rapidly ingested by rabbit polymorphonuclear leukocytes. A significant num- 
ber of granulocytes containing living staphylococci appeared to remain within, 
or to re-enter the circulating blood. 

Intracellular residence appears to protect certain staphylococci from re- 
moval from the blood, and trapping of staphylococci during passage through 
the splanchnic bed virtually ceases when all of the viable circulating staphylo- 
cocci are incorporated within cells. 

It appears probable that the persistent low grade bacteremia observed in 
rabbits receiving large numbers of staphylococci intravenously is initially due 
to the residence of living staphylococci within circulating polymorphonuclear 
Jeukocytes. 
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EXPERIMENTAL STAPHYLOCOCCAL INFECTIONS 
IN THE SKIN OF MAN 


By Stephen D. Elek 
St. George’s Hospital Medical School, University of London, London, England 


The concept of virulence of a microbe is relative to a given host species. 
The fact that an organism is capable of setting up lesions in 1 experimental ani- 
mal cannot be used as a basis for comparing the virulence of microbial strains 
in relation to another species of host. The traditional approach of using any 
convenient laboratory animal in virulence studies may yield completely falla- 
cious findings if different metabolic products in other species of animals con- 
tribute to varying degrees of virulence in those species. There is evidence that 
the virulence of coagulase-positive staphylococci does vary when tested on rab- 
bits, mice, or other animals, but there is no information concerning the existence 
of similar differences in man (Frappier ef a/., 1955). 

The carrier rate of coagulase-positive staphylococci and their distribution in 
dust, clothing, and elsewhere is very high, but clinical staphylococcal infection 
in man is comparatively rare. This suggests that either a minority of nasal 
strains are endowed with special virulence or that the circumstances of the 
infection determine the occurrence of disease. Since virulence testing on ani- 
mals could not be expected to provide the correct answer, it was decided to 
compare a number of nasal strains with staphylococci isolated from human 
lesions by injecting volunteers intradermally. All the strains tested were 
coagulase-positive but, as the other biological properties of such material 
have frequently been described, no further details were regarded as relevant. 
Virulence testing in man being necessarily restricted in extent, our primary 
aim was to establish, within the limitations of the approach, whether or not dif- 
ferences in the resulting lesions could be demonstrated between randomly 
selected nasal strains of Staphylococcus pyogenes and other strains obtained from 
human lesions, and therefore presumed to be virulent. The indicator effect 
chosen was pus formation. Since staphylococci typically produce purulent 
lesions, the minimum inoculum surviving and progressing to pus formation can 
be used as the basis of comparison between the virulence to man of different 
strains. . 

Experiments on man with Sfaph. pyogenes have been carried out before 
(Garré, 1885; Bumm, 1885; and Bockhart, 1887), but only to show that they 
cause disease. No information was available concerning the minimal pus- 
forming dose or concerning differences between strains. Since the number of 
volunteers available was insufficient to test an adequate number of strains with 
different sizes of inocula it was decided to determine the minimal pus-forming 
dose for a strain freshly isolated from a severe lesion and then to compare the 
effects of the same dose of nasal and of some further known pyogenic strains. 
If the hypothesis that only a minority of nasal strains are virulent bs correct, 
these strains would be expected not to cause pus formation at that dose. ; 

A strain obtained from an abscess of the neck was injected in varying dilu- 
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TABLE 1 


ReEsuLt oF INTRADERMAL INJECTION OF A FRESHLY ISOLATED PYOGENIC 
Srrain (P3). ReApincs 48 Hours AFTER INJECTION. 


Dose: 7.5 * 108 | Heat-killed control 
Volunteers aoe 
Pus | Swelling | Redness Pus | Swelling | Redness 
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+ Denotes pus discharging, + pus not discharging. 
— Denotes no reaction. 


tions intradermally into 2 young volunteers. This strain was chosen for its 
high a-lysin production in vitro and had the following characteristics: coagulase- 
postive, orange-yellow in color, mannitol-positive, fibrinolysin-positive, lipase- 
positive, a-6-hemolytic pattern, and 7 flocculation lines against Wood 46 anti- 
toxin. Doses of 2 X 10,2 X 10°, and 2 X 10% cocci in 0.1 ml. obtained by serial 
dilution of an overnight broth culture caused some redness and a little swelling 
with the higher doses, but no pus formation. All signs disappeared within 48 
hours. 

The next experiment, using another strain from an abscess, was done on 3 
volunteers at the level of 7 X 10¢ and 7 X 10° viable cocci. Appreciably more 
redness and swelling followed, and 1 of the 3 volunteers produced a minute 
amount of pus with the higher dose. The same strain (P3) was next injected in 
a 10-times higher dose into 5 volunteers together with a heat-killed control. 
TABLE 1 shows that, at that level (7.5 X 10® cocci), some pus formation oc- 
curred in all the volunteers, with a variable amount of swelling and redness. 
This was regarded as the minimum average pus-forming dose. The heat-killed 
contro] caused neither pus nor swelling, indicating that further ix vivo growth 
of the cocci is required to produce the indicator effect. The lesions reached 
their maximum in 48 hours, discharged, and healed within 7 days. They 
resembled in appearance small superficial boils. No after effects followed 
within 9 months of subsequent observation. 

Since the minimal pus-forming dose was much higher than would have been 
expected, the enhancing effect of certain factors was invest igated. It was con- 
sidered possible that the intradermal injection might result in the presence of 
less plasma than in conditions of natural infection. Two volunteers were in- 
jected intradermally with their own plasma. The wheals so produced were 
then injected with one tenth and one hundredth of the minimum pus-forming 
oe it oe pus-forming dose was injected at another site as a contialy 

one but the control produced pus, showing th: : 
has no enhancing effect. a ee jean ae ieee 7 ase: 
filtrate of a 24-hour broth culture. This toxin RE se Nie ee 
molysin, since it was incubated without: CO. Never ] a aie ee 
intradermally in doses of 0.1 ml. diluted 1:10 ain 1:100 Ne a = eee 
swelling and erythema and some Svetenue distovhan os : cat oe 
) ; sys ance. The addition of this 
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FicurE 1. _ (a) Early pustule (24 hours) obtained with 7.5 X 10° staphylococci injected intradermally. (b) 
such lesions discharged pus after 48 hours. Healing occurred within a week. 


toxin to washed staphylococci in a dose of one hundredth of the minimum pus- 
forming dose failed to cause a pustule in 2 volunteers. 

In view of the fact that nasal droplets are believed to play an important 
part in wound infection, the enhancing effect of mucin was tested. Nasal mucin 
is known to contain a virulence-enhancing factor (Smith, 1951; and Nungester 
etal.,1951). The effect of hog gastric mucin of established virulence-enhancing 
effect in mice was tested on 2 volunteers, using the minimum pus-forming dose 
as control and one twentieth of this dose suspended in the mucin. No viru- 
lence enhancement could be demonstrated in this way, only the control causing 
pus formation. 

In 2 groups of experiments, 5 pyogenic strains were compared with 13 nasal 
strains. TABLE 2 shows the results with digest broth cultures. Readings 
were taken after 48 hours and, in this set, only 1 nasal strain failed to produce 
pus. The dose, accidentally, was slightly lower, but it is noteworthy that 
this strain appeared to be deficient in several respects. It was coagulase- and 
lipase-positive but white in color, mannitol-negative, and fibrinolysin-negative, 
producing A-hemolysin only, and no flocculation lines. Some of the strains 
were tested on 5 volunteers, and 1 strainon 7. The similarity in the reactivity 
of the volunteers is an interesting finding. In the second set (TABLE 3), washed 
staphylococci were injected to remove traces of preformed toxin. In this 
group, 2 anomalous reactions were found. Volunteer O gave no pus formation 
with any of the 4 strains, although all strains produced pus in the other volun- 
teer. On subsequent inquiry it was found that during the experiment volun- 
teer O had been on Aureomycin treatment for a chest condition. This acci- 
dental finding further illustrates the fact that multiplication in vive is wecessary 


88 Annals New York Academy of Sciences 


TABLE 2 
CoMPARISON OF KNOWN PyoGENIC AND NASAL STAPHYLOCOCCI. DILUTIONS 


MapE FRoM 18-Hour CULTURE IN DicEst BroTH. READING 
AFTER 48 Hours. 
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* Penicillin after 24 hours. 
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TABLE 3 


COMPARISON OF SUSPENSIONS OF PYOGENIC AND NASAL STAPHYLOCOCCI, 
WASHED FREE FROM PREFORMED TOXIN. READINGS 
AFTER 48 Hours. 
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* Volunteer on Aureomycin treatment. 
+ Denotes pus discharging, + pus not discharging. 
— Denotes no pus. 


to yield pus. Volunteer P also showed a somewhat similar reactivity, although 
in this instance we have been unable to elicit a history of antibiotic treatment, 
and he may represent an individual with a higher natural resistance. The same 
strains in identical doses caused pus formation in volunteer Q. 

It is difficult to visualize conditions of natural infection in which the infective 
dose is of the order of a million cocci or more. Nasal droplets of a 100 » diam- 
eter, even if they consisted entirely of staphylococci, could contain only 500,000 
cocci. This suggests that in the evolution of wound infection the circum- 
stances of the infection rather than differences in virulence of the staphylococci 
must determine the issue. Like other predatory creatures, staphylococci hunt 
in packs and, in addition to a large inoculum, there is another way of reaching 
the critical population required for disease. Delay in the defense mechanism 
occurs as a result of ischemia induced by adrenaline (Evans, ef al., 1948), and 


a similar mechanism probably renders severely contused tissues prone to 
infection, 
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In surgery, stitch abscesses are the commonest forms of sepsis. For this 
reason we tested the effect of the foreign-body reaction occasioned by a suture. 
Silk sutures were infected by immersion in serial dilutions of a culture of Staph. 
aureus. ‘They were subsequently dried and the numbers of organisms on them 
estimated. Sutures carrying 3 X 10! cocci over their entire length were in- 
serted through skin and subcutaneous tissue of 2 volunteers. One stitch was 
pulled through and removed immediately after insertion, while others were 
tied and left in sitw. Subsequent estimation showed that pulling through re- 
moved four fifths of the inoculum, leaving this number in the tissues. Never- 
theless, no lesions developed at this site. The sutures left in situ, however, 
suppurated, setting up severe local abscesses that required draining and 
vigorous antibiotic treatment in both volunteers. It was estimated that in 
this experiment the enhancing effect of the foreign body ieaction was at least 
five hundredfold. In another experiment a single volunteer showed some sup- 
puration around a stitch containing an estimated 100 cocci, corresponding to a 
potentiation of ten thousandfold. Sterile sutures, used as controls in these 
experiments simultaneously on the same volunteers, showed no infection. The 
subcutaneous injection of doses of 10° and 10% cocci also failed to lead to pus 
formation. 

To sum up, man appears to possess a high degree of natural resistance to 
Staph. pyogenes. Infections of the size to which we are exposed by ordinary 
hazards are readily eliminated. No differences in the virulence of known pyo- 
genic strains and nasal strains from unselected carriers could be demonstrated 
by accepting pus formation in man as the criterion of virulence. In surgical 
infection the foreign body reaction and possibly other mechanisms of delayed 
defense appear to determine whether clinical disease occurs. In all proba- 
bility the concept of the critical pus-forming dose also applies to growth in 
hair follicles and sweat glands, where other factors may allow subsequent entry 
into the tissues. 
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Discussion of the Paper 


E. T. BynoeE (Bacteriological Laboratories, Laboratory of H ygiene, Department 
of National Health and Welfare, Ottowa, Ont., Canada): I should like to comment 
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on the suggestion in Stephen Elek’s paper that there is no, or little, difference 
in the virulence of different strains of coagulase-positive staphylococci, whether 
from pyogenic lesions or from nasal carriers. For many years, the person with 
an active staphylococcal infection has been recognized as a more dangerous 
carrier than the healthy nose carrier. Our D. V. A. special committee has 
strongly recommended that all infected members of the staff be removed from 
active duty in the hospital until cured of their infection. In this connection a 
recent report by Barber and Burston! is particularly pertinent. These workers 
reported that in a maternity unit of a London hospital, of 31 nurses employed 
in the unit, 55 per cent were carriers of Staph. aureus, and that 26 per cent were 
carrying type 52A. Nearly all the babies (92 per cent) picked up Staph. aureus 
in the hospital, and 45 per cent were carrying type 52A. There were, however, 
very few infections in the babies during the period of study and these were triv- 
ial. Of the 179 babies born during the study period, only 2 had infections due 
to type 52A, and these infections were minor. A few weeks after the close of 
the study, however, a nurse came on duty with a boil on her face and, within a 
few days, there were 2 severe infections in the nursery. Cultures from the nurse 
with the boil and from the two infected babies were all the same type 52A. 
Surely there was some difference in the virulence of the 52A strain from the 
nurse with the boil and the 52A strains from the noses of the healthy carriers! 
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THE EFFECT OF ANTIMICROBIAL DRUGS ON 
AN EXPERIMENTAL STAPHYLOCOCCAL 
INFECTION IN MICE* 


By Robert M. McCune, Jr., Paul A. Peter Dineen, and John C. Battent 


Departments of M edicine and Public Health and Preventive M. edicine, New York 
Hospital-Cornell University Medical Center, New York, N. Y. 


An essential element in the pathogenicity of any microorganism is its ability 
to multiply within tissues of an infected host. Techniques developed for the 
enumeration of viable tubercle bacilli! have been applied for the enumeration 
of viable staphylococci.2 These methods permitted the measurement of total 
populations of staphylococci in various tissues of the infected host over long 
periods of time, both in the natural course of the infection and under the in- 
fluence of experimentally induced variables. 

The purpose of this report is to present studies of the action of antimicrobial 
drugs on populations of staphylococci subsisting in the kidneys, lungs, and 
spleens of experimentally infected mice. 


Materials and Methods 


The Giorgio strain of staphylococci used in these experiments was chosen 
because of its high degree of virulence for Swiss albino mice and its property 
of producing penicillinase. It was originally isolated from the purulent exu- 
date of an infected craniotomy wound of a patient at the New York Hospital, 
New York, N. Y. This strain was coagulase-positive and produced a zone of 
hemolysis on human and rabbit blood agar plates. It fermented mannite, lac- 
tose, sucrose, maltose, and galactose, and was resistant im vitro to penicillin 
concentrations of 3.1 Oxford units per ml. as determined by the standard 
serial-tube dilution method. 

The infecting inocula were prepared from cultures grown in beef heart in- 
fusion-peptone broth for 18 hours at 37° C. The infections were induced with 
0.1 ml. of culture. This infecting dose was diluted in physiologic saline to a 
final volume of 0.2 ml. and injected into one of the dorsal tail veins. The 
number of staphylococci present in the infecting inoculum was determined by 
inoculating aliquots of appropriate dilutions of the culture in nutrient agar at 
the time of infection. Calculations were made from plates giving 10 to 100 
colonies. , 

The animals used in these experiments were male and of the CI'W strain 
obtained from the Carworth Farms, New City, N. Y. The weight of the 
animals ranged from 15 to 20 gm. when they were received at the laboratory, 
and infection customarily was carried out 1 week after arrival. They were 
housed in metal cages not exceeding 10 animals per cage and were fed whole or 
pulverized Wayne Lab-Blox pellets with water ad libitum. 
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Drug Administration and Dosage 


Aqueous procaine penicillin G (Squibb) was administered daily ata dosage 
of 1 mg. by the intramuscular route. Streptomycin sulfate (Pfizer) was given 
by the intramuscular route at a dosage of + mg. daily. Novobiocin (Upjohn) 
was administered in the diet by the thorough mixing of finely-ground food 
pellets with the amorphous drug in a McLellan dry batch mixer. The dosage 
of novobiocin was 0.1 per cent of the daily diet. 

The microbial enumeration techniques used for the experiments described in 
this paper are substantially the same as those described by LeMaistre and 
Sellers’ and Smith.* 


Preparation of Tissue Homogenates 


Mice were sacrificed with chloroform, and asceptic techniques were utilized 
in removing organs. Tissue emulsions were prepared by the use of a Teflon 
homogenizer. All tissues were ground in the presence of distilled water with 
the exception of those from animals treated with penicillin, in which instance 
10 units of penicillinase per ml. of saline was used. The homogenates were 
found to consist of ruptured tissue cells and intact nuclei. 

Organ measurement was achieved by determining the amount of displace- 
ment of a measured volume (5 ml.) of diluent (distilled water or penicillinase 
solution). This figure was ultimately used in expressing the population of 
staphylococci in terms of unitage (per ml.) of tissue. 


Enumeration of Viable Staphylococci 


The numbers of living staphylococci present in the infecting inoculum and 
the homogenates of tissues of infected animals were determined by inoculating 
nutrient agar with appropriate dilutions of the substance, using the pour-plate 
method.’ 

Colony counts were routinely performed at 24 and 72 hours after incubation. 
Two observers made independent plate counts. Utilizing the dilution factors 
and the number of colonies (preferably in the range of 10 to 100) counted at 
the appropriate dilution, calculations of the total number of colonies (expressed 
as viable units of staphylococci) per ml. of tissue were performed. The loga- 
rithms of these numbers were plotted graphically as a function of time after 
initiation of infection. The resulting curves were taken to represent the fate 
of the staphylococci during the natural course of infection as well as their fate 
under the influence of treatment with various antistaphylococcal agents. 

Considering the dilution that was necessary for preparing the tissue emulsion, 
there was accordingly a lower limit of this method’s ability to detect culturable 
organisms. ‘The lower limitations varied with the organ size. This method 
did not permit the detection of fewer than 5 to 10 culturable units of staphylo- 
cocci per organ. 

In experiments concerned with antistaphylococcal drugs, treatment was be- 
gun at 2 different times after infection. In certain groups, treatment was 
st arted within an hour after infection. In other groups treatment was delayed 
until 54 hours after infection. The data reflect our total experience up to the 
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time of this writing, and each symbol depicting treatment groups represents 
the mean of the tissue populations of 4 to 18 animals. Each symbol from the 
untreated groups represents the mean of 16 to 36 animals. 


Results 

Untreated animals. Fifty per cent of untreated animals were dead 7 days 
after infection, and there were no survivors after 20 days. 

The most striking lesions of untreated animals were seen in the kidneys. 
Gross abscesses were present as early as 2 days after infection. These lesions 
increased in size and number, maturing into large abscesses that ultimately 
lead to the destruction of the renal tissue and death of the animals. 

In FIGURE 1 may be seen the gross appearance of the kidney lesions from an 
animal sacrificed 15 days after infection. The diseased kidneys clearly exhibit 
the swelling and abscess formation seen after 15 days of infection. On micro- 
scopic examination the abscesses were seen to be predominantly in the cortex. 

This infection did not produce gross lesions in the lungs and spleens. Peri- 
bronchial and perivascular cuffing of inflammatory cells were present in the 
pulmonary tissue. Lymphocytic hyperplasia was seen in the spleens that 
showed an increase in size. 

In FIGURE 2 may be seen the typical behavior of the staphylococcal popu- 
lations in the kidneys, lungs, and spleens of untreated mice. Each symbol 
represents the mean of populations from different experiments, and the trend 
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FicuRE 2. Staphylococcal populations (Giorgio) in kidneys, lungs, and spleens of untreated mice. Each 
symbol represents the mean of 1 experimental group. The initial observations were made 5 minutes after infec- 
tion. All animals were dead in less than 20 days, and half we re dead in 7 days. 


lines thus represent the total experience observed from the untreated control 
animals in the experiments presented in this paper. 

Characteristically, 5 minutes after infection the populations in the kidneys 
were lower than in the spleens and lungs. A marked rise was then seen in the 
staphylococcal census of the kidneys. After the third day of the infection there 
occurred a stabilization of the populations. The lung populations showed a 
rise on the third day of infection after an initial fall. A stabilization of the 
staphylococcal census was seen during the second week of the infection. A 
sharp initial fall in the splenic populations was seen during the first week of 
infection, which was followed by a stabilization. 

The differences seen in the viable populations of staphylococci in these 3 
organs were of a qualitative nature only during the first week of the infection. 
During the second week there was a stabilization of the microbial census, but 
at different population levels. 

Penicillin and streptomycin. In FIGURES 3, 4, and 5 may be seen the effects 
of penicillin and streptomycin administered singly and concurrently. 

The stock strain Giorgio was susceptible in vitro to streptomycin concentra- 
tions of 0.8 wg. per ml. As stated above, it was resistant to penicillin concen- 
trations of 3.1 units per ml. 

As seen in FIGURE 3, the populations in the kidneys of control animals fol- 
lowed the pattern described above, with mean census levels of over 1 billion 


organisms per ml. of kidney attained 3 days after infection. Penicillin alone 
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Ficure 3. Influence of penicillin and streptomycin used singly and together on penicillin-resistant staphylo- 
coccal populations (Giorgio) in mouse kidneys during 28 days of therapy. Each symbol represents the mean of 
the bacterial populations of animals from several experiments (see text). The techniques used permitted detec- 
tion of no less than 5 to 10 staphylococci per organ. 


demonstrated activity of a low order in causing a slight reduction in the bac- 
terial census and increasing the survival time of the animals. Whether the 
fall in populations after 2 weeks of treatment was a function of penicillin ac- 
tion, a mobilization of host defense mechanisms, or a combination of both is a 
matter for speculation. 

After the legend “No culturable organisms” is seen the incidence of animals 
whose tissue populations have been reduced below detectable levels. In ani- 
mals given streptomycin alone, a fall in total bacterial population in the kid- 
neys began at once and continued throughout the treatment. The populations 
were reduced below detectable levels in some of the animals as early as the first 
week of treatment. 

It was of particular interest, however, that staphylococci were seen to persist 
in a majority of the kidneys after 28 days of treatment. Most of these per- 
sisting microorganisms were susceptible upon i vifro subculturing to strepto- 
mycin concentrations of less than 1 wg. per ml. The kidney populations from 
animals treated with streptomycin plus penicillin are depicted by the filled-in 
triangles. The concomitant use of penicillin and streptomycin was significantly 
less effective in reducing the staphylococcal populations than was streptomycin 
when used alone. This was evidenced not only by the mean bacterial census 
but also by the incidence of animals in which no organisms could be cultured. 

In the lung (rtcuRE 4) the control curve showed the initial fall, subsequent 
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Ficure 4. Influence of penicillin and streptomycin used singly and together on penicillin-resistant staphylo- 
coccal populations (Giorgio) in mouse lungs during 28 days of therapy. 
rise, decline, and stabilization of the bacterial census previously described. 
Penicillin alone was effective in preventing the initial rise seen in the untreated 
animals. Streptomycin was effective in reducing the lung populations to very 
low levels after 2 weeks of treatment. This was also reflected in the incidence of 
animals from which no staphylococci could be cultured. At each observation 
time the lung populations of animals treated with streptomycin plus penicillin 
were slightly higher than those from animals treated with streptomycin alone. 
This may be reflective of the same antagonism that was seen in the kidneys of 
the same animals. Six of 8 animals in the combined-treatment group and 4 of 
8 animals in the streptomycin-alone group had persisting staphylococci in the 
lungs after 4 weeks of treatment. 

The splenic populations from the same animals are shown in FIGURE 5. As 
described previously, the control curve was not seen to rise even during the 
first week of infection, as in the kidneys and lungs. Instead there was a sharp 
fall during the first week, followed by a stabilization in the bacterial census. 
Penicillin again was seen to have a definite but low order of effectiveness. 
Both streptomycin alone and streptomycin plus penicillin effected a marked 
reduction in the splenic populations after 1 week of treatment. The opposite 
effect of that observed in the kidneys and lungs of the same animals was seen 
in the splenic population of animals treated with streptomycin plus penicillin. 
The bacterial census from animals treated with both drugs was always slightly 
lower than that seen in those treated with streptomycin alone. There were per- 
sisting staphylococci in animals treated with streptomycin alone and in those 
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Ficure 5. Influence of penicillin and streptomycin used singly and together on penicillin-resistant staphylo- 
coccal populations (Giorgio) in spleens of the same animals whose lung populations are shown in FIGURE 4, 


treated with streptomycin plus penicillin after 28 days of treatment despite the 
very low bacterial census attained with these regimens. 

Penicillin and streptomycin—54-hour infection: In FIGURE 6 may be seen the 
effects of penicillin and streptomycin used singly on staphylococcal populations 
in the kidneys when treatment was delayed until 54 hours after infection. At 
this time macroscopic abscesses were seen in the kidneys. No abscesses were 
seen in the lungs and spleens of the same animals. 

The control curve showed the marked rise in the staphylococcal populations 
described above. At the time treatment was started the microbial census 
had exceeded a billion organisms and grossly visible abscesses were present. 
Penicillin exhibited moderate activity in reducing the bacterial cciisus and pro- 
longing the survival time of the animals a week longer than the untreated ani- 
mals. Of particular interest were the observations made in the streptomycin- 
treated animals. A marked drop occurred during the first 10 days of treatment 
After this initial fall the bacterial census stabilized and persisted at a level of 
approximately 1 million organisms throughout the remainder of the experiment. 
This was contrasted with the effect streptomycin was seen to exert in reducing 
the microbial populations to low levels when treatment was started within an 
hour after infection. 

Despite the initial fall seen in the staphylococcal populations of streptomycin- 
treated mice in the 54-hour infection, the lesions increased in size. By the 
19th day of treatment the lesions had decreased in size, and fibrotic changes 
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FIGURE 6. Influence of penicillin and streptomycin on penicillin-resistant staphylococcal population 
(Giorgio) in mouse kidneys when treatment was started 54 hours after infection. At the start of therapy, macro- 
scopic lesions were visible in the cortices of all kidneys examined. 


were seen to take place. On the last observation day, after 26 days of treat- 
ment, considerable scar formation was present. 

Novobiocin, penicillin, streptomycin. In FIGURE 7 are seen the effects of 
novobiocin and penicillin used singly and together and novobiocin plus strep- 
tomycin on kidney populations when treatment was started within an hour 
after infection. The parent Giorgio strain of staphylococci was susceptible 
in vitro to novobiocin concentrations of 0.2 wg. per ml. 

The populations from the control and penicillin-treated animals were similar 
to those described above. An initial increase in the staphylococcal popula- 
tions was seen after 3 days of treatment with novobiocin alone. At this time, 
abscesses were grossly evident in the kidneys. These lesions gradually dis- 
appeared and were replaced by scar tissue during the latter 2 weeks of the 
experiment. 

It should be noted here that the same phenomenon was observed in kidneys 
of animals treated with erythromycin and oxytetracycline.» Namely, when 
the drug and infection were started together, the staphylococcal populations 
in the kidney increased and lesions were seen to develop. After the initial 
population increase a reduction in the microbial census ensued and continued 
to fall during the 4-week observation period. 

Novobiocin plus penicillin was more effective than streptomycin alone in re- 
ducing the populations during the first 12 days of treatment, whereas a sig- 
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Ficure 7. Influence of drugs on penicillin-resistant staphylococcal populations (Giorgio) in mouse kidney 


after 28 days of therapy. The comparative effects of penicillin and novobiocin used singly and together and of 
novobiocin plus streptomycin are shown. 

_ The trend line of novobiocin plus streptomycin is broken since observations were made only at 2 points in 
time. 


nificant degree of antagonism was seen on treatment days 15 and 22. This 
antagonistic action was seen in the lungs and spleens of the same animals and 
was similar to that seen in animals treated with streptomycin plus penicillin, 
described above. After the third week the kidney populations from animals 
receiving novobiocin plus penicillin fell, and staphylococci could not be cultured 
from 5 of 13 animals tested on the last day of the experiment. 

After 2 weeks of treatment the microbial census from the kidneys of animals 
treated with novobiocin plus streptomycin was lower than the other treatment 
groups. 

Again it was of particular interest that, despite the low populations in the 
various treatment groups after 4 weeks of therapy, staphylococci persisted in 
the kidneys of 45 to 70 per cent of all remaining animals tested at this time. 


Discussion 


Microbial enumeration techniques were used to measure penicillin-resistant 
staphylococcal populations in various tissues of mice, in the natural course of 
the infection, and under the influence of antistaphylococcal drugs. These 
studies have yielded a number of features worthy of comment. 

This experimental system produced a situation in which, in the same un- 
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treated animals, a marked degree of multiplication of populations was seen in 
the kidneys, only a slight population increase was seen in the lungs, and a de- 
clining population was seen in the spleens. The high population levels in the 
kidneys were associated with the formation of abscesses that led to the de- 
struction of the renal tissue and death of the animal. No abscess formation 
or necrosis of tissue were seen in the lungs or spleens. 

It was of interest that after the first week of infection there was a stabiliza- 
tion of the microbial census in all 3 tissues but at different population levels. 
Previous studies with tuberculous animals, in which the same techniques were 
employed, demonstrated a somewhat similar situation in the lungs and spieens.° 
A stabilization of the populations of tubercle bacilli occurred in thé spleens 1 
month after infection and, in the lungs, after 2 months. Another similarity of 
these 2 infections was seen in the kidneys of animals infected with staphylococci 
and in the lungs of those infected with tubercle bacilli. In each situation 
lesions would continue to progress and destroy the organ for a substantial 
period after the microbial census had stabilized. It was believed that in each 
of these situations the lesions progressed as a function of rapidly multiplying 
organisms. It is suggested that the reason this was not reflected in the popu- 
lation curves of viable bacteria is that bacterial death occurred at a rate nearly 
that of bacterial multiplication. 

It was of considerable interest that penicillin therapy in this penicillin- 
resistant staphylococcal infection exerted effective action in lowering the mi- 
crobial census in all 3 organs studied, and that it was a factor in prolonging the 
survival time of the animals. The infecting Giorgio strain was resistant i 
vitro to penicillin concentrations of 3.1 Oxford units per ml. as determined by 
the standard serial-tube dilution method. The dosages of penicillin used in 
these experiments produce blood concentrations well below this range. A 
reasonable explanation for this apparent paradox is that the infecting inoculum 
contained an admixture of highly susceptible cells as well as resistant ones. 
In vitro experiments demonstrated this to be so. 

When therapy was started at the time of infection, certain differences were 
observed in the streptomycin- and novobiocin-treated animals. A population 
increase occurred during the initial 3 days of novobiocin treatment, whereas 
an immediate reduction of the microbial census was seen in the tissues of the 
streptomycin-treated animals. Kidney lesions were seen to develop during 
the first week of treatment with novobiocin, but were not seen in the strepto- 
mycin-treated animals. Throughout the first 3 weeks of treatment strepto- 
mycin effected a greater reduction of the staphylococcal population than that 
seen in the novobiocin-treated animals. After 4 weeks of treatment, however, 
the population levels seen in the tissues of each group were comparably low. 

When penicillin was administered concomitantly with streptomycin or novo- 
biocin in this penicillin-resistant infection, antagonism was consistently seen 
in some phase of the experiments. This phenomenon was seen throughout the 
28-day treatment period in the streptomycin-penicillin animals, but only in the 
latter phase of treatment in the novobiocin-penicillin animals. Antagonism 
was most striking in the kidneys of the streptomycin-penicillin animals, whereas 
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it was not in evidence in any phase of treatment in the spleens of the same ani- 
mals. Thus it was seen that antagonistic action and additive effects were 
observed in the same treatment groups at different times, and 1 effect could be 
present in 1 organ while just the opposite effect could be seen to take place in 
another organ of the same animal at the same time. 

When the infection was allowed to progress until kidney lesions were estab- 
lished before starting therapy, the effectiveness of streptomycin action was 
significantly reduced in lowering the renal staphylococcal populations. This 
was in contrast to the highly effective action seen in the lungs and spleens of 
the same animals where no abscess formation was present and to the action 
seen in all 3 organs when treatment was started at the time of infection. 

Of major interest was the fact that, despite the degree of effectiveness ex- 
hibited by any of the drugs used either singly or in coinbination, persisting 
staphylococci were present in a majority of the animals after 28 days of therapy 
in the kidneys, spleens, and lungs. The emergence of drug resistance in the 
usual sense did not explain the presence of these persistent staphylococci. 


Summary 


Microbial enumeration techniques were used to study the fate of penicillin- 
resistant staphylococci in the kidneys, lungs, and spleens both in the natural 
course of the infection and under the influence of antistaphylococcal regimens. 

This experimental system produced a situation in which, in the same ani- 
mals, a marked degree of multiplication was seen in the kidney, only a slight 
population increase was seen in the lungs, and a declining population was seen 
in the spleens of untreated animals. The high population levels in the kidneys 
were associated with the formation of abscesses. 

A consistent observation was the finding of persisting organisms in all treated 
groups after 28 days of therapy. The emergence of drug resistance did not 
explain the presence of these persistent staphylococci, as a large proportion of 
them were found to be susceptible when tested im vifro against the drugs used 
for therapy. 

When the infection was allowed to progress for 54 hours, until kidney ab- 
scesses were established, the effectiveness of streptomycin in lowering the 
kidney populations was significantly reduced. 

Penicillin alone exhibited definite effects in lowering the bacterial populations 
and increasing the survival time of mice infected with this penicillin-resistant 
staphylococcal strain. 

Antagonism was consistently seen in some phase of all experiments when 
penicillin was used concomitantly with the other drugs. 
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Part II. Biological Characteristics of Staphylococci that May Relate to 
Virulence 


BIOLOGICAL CHARACTERISTICS OF STAPHYLOCOCCI 
RECOVERED FROM PATHOLOGIC MATERIALS 


By Charles H. Lack 
Institute of Orthopaedics and The Royal National Orthopaedic Hospital, London, England 


When considering the biological characteristics of staphylococci from human 
pathologic material, it is important to bear in mind that strains recovered within 
a hospital may represent a selected group that happen to be endemic in the 
wards. In the orthopedic hospital housing my laboratory, 61 strains of staph- 
ylococci obtained from new patients who had been infected before admission 
belonged to 18 different phage types whereas, out of 25 strains from infections 
within the hospital, 22 belonged to the same phage type. 

My associates and I have studied 1300 strains of staphylococci from sources 
such as osteomyelitis, secondarily infected tuberculous sinuses, and urinary 
infections. I shall describe briefly our methods and our findings. 

Coagulase. All were shown to produce coagulase in vitro when tested with 
human plasma. We found that the plate method, in which 12 per cent v.v. hu- 
man plasma in nutrient agar is poured into Petri dishes at 45° C., was a satis- 
factory alternative to the tube test. Zones of opacity develop around spot 
inoculations overnight at 37° C. 

Fibrinolysin. This plate method also allows the demonstration of fibrinolytic 
strains after further incubation, as the opaque rings formed by coagulase are 
cleared by fibrinolytic strains. Demonstration of fibrinolysis is more clear-cut 
when the same plasma-agar mixture is held at 56° C. for 20 minutes before 
pouring onto plates. This gives an opaque medium on which fibrinolytic col- 
onies produce clearing overnight. F1GuRE 1 illustrates, on the left, the clearing 
of coagulase opacity by fibrinolytic strains on the plasma-agar plate poured at 
45° C., designated the fibrinogen plate; and, on the right, the clearing by the 
same strains of the opaque plasma-agar plate, designated the fibrin plate, which 
had been heated to 56° C. Further separation of fibrinolytic strains into those 
that produce staphylokinase and those that produce staphylococcal protease 
may be achieved by adding soybean trypsin inhibitor to the medium. T his 
inhibits the staphylokinase-activated plasmin or fibrinolysin, but does not in- 
hibit the staphylococcal protease. ; 

I have described these plate methods in some detail because we have found 
them useful in survey work. Our plasma was obtained from outdated blood- 
bank blood, and was usually satisfactory, though some batches were deficient 
in cofactor or plasminogen. Reconstituted dried plasma was useless. In our 
series, about 70 per cent of the strains were fibrinolytic and, in the majority of 
these, fibrinolysis was inhibited by trypsin inhibitor—that is, their proteolytic 
activity under the conditions of the test was due to activation of plasmin, not 
to their own protease. 
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Clumping factor. The slide method of Cadness-Graves ef al.! was considered 
a useful screening method for detecting coagulase-producing strains, but recent 
work by Duthie® gives a different interpretation to this test. Duthie has shown 
that most pathogenic strains of staphylococci will clump in fibrinogen solution, 
and that this clumping does not require the presence of the cofactor required 
for coagulase clotting. He suggests that staphylococci may absorb fibrinogen, 
and that the free negatively charged groups of the absorbed fibrinogen may 
then unite with the positively charged groups on other cells, causing clumping. 
Staphylococcal antiserum added to coagulase-positive staphylococci will pre- 
vent both the absorption of fibrinogen and the clumping. It so happens that 
most strains that produce free coagulase also produce the clumping factor, but 
they appear to be distinct agents, which may explain why Williams and Har- 
per’ found that 12 per cent of strains, coagulase-positive by the tube test, were 
negative by the slide test. As our strains were primarily selected by the slide 
test, they were all positive. 

Hemolysins. As there is not space to discuss the hemolysins individually, I 
shall restrict myself to some observations about the a-lysin which has been 
regarded as the most important in human infection. Some workers have found 
a complete correlation between a-lysin production and pathogenicity, and it 
seems pertinent to discuss this finding here in the light of the preceding paper by 
Rogers. For example, Marks,‘ in a study of staphylococci from skin infections 
in coal miners, found that only 4 per cent of coagulase-positive strains did not 
produce a-lysin, and that every one of 100 strains definitely responsible for 
human infection produced a-lysin. Marks concludes that the production of 
a-lysin is a more accurate and convenient criterion of pathogenicity of staphylo- 
cocci than the production of coagulase. In contrast to this, in our series’ ap- 
proximately 18 per cent of strains from human sources did not produce a-lysin 
on primary isolation, though some did so subsequently. TABLE 1 shows the 
distribution of the various hemolysins in 49 strains from osteomyelitic lesions. 
In this series 18.5 per cent do not produce a-lysin. "TABLE 2 shows the range of 
anti-a-hemolysin titers in 259 patients, and we see that more than half of the 
patients with staphylococcal osteomyelitis show no rise in this antibody. 


TABLED? 


DISTRIBUTION OF PROPERTIES OF STRAINS OF STAPHYLOCOCCI 
FROM CASES OF OSTEOMYELITIS 


; Spectrum No. of strains Percentage 
GEA DH Moma bene ahha enn axe: Sa G 16 S220 
EAE ee Oe ee 9 18.4 
1 oh ma clpihc e Sita Aa a ee 6 (22 
DRG ane eT RII) ces ees | 6 120 
ODT ae a ee onerreee 4 8.2 
Tey hoy 0 A cent oe ieee ane ene 4 8.2 
(REN Eine ee ee oe cae seat ee ee a : ae 
(CURTIS Re OU oe ee en ar eed aan ge ae Br ; ; 

Geel lion ee. cy oc ee rer Poser erin 49 100.0 

Symbols: C = coagulase; F = fibrinolysin; A = a heaven, B = g-hemolysin; D = 6-hemolysin; H = hy- 


aluronidase. 
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TABLE 2 
AntL-a-HEMOLYSIN TITERS OF HUMAN SERA 


Type of case 


Anti-a-hemolysin titer in units 

rene Osteomyelitis sagen No. staph. infection 

7) 30 20 140 

2-4 9 6 23 

4-8 5 7 5 

8-16 6 4 1 

16-32 1 | 1 1 

Sil 38 170 


The response to toxoid proves that this absence of antibody response is not 
due to an incapacity to produce antibody. Iam not convinced that the sub- 
stance that lyses rabbit cells is identical with the necrotizing toxin, but assum- 
ing that a-lysin and this toxin, if not identical, are closely associated, it seems to 
me that there are 2 important factors to consider when assessing the role of such 
a toxin in infection. First, selection pressure on variants or mutants may vary 
not only with conditions at the time of infection but may vary as a consequence 
of infection. Second, the effect of by-products of the pathological process may 
influence the production and action of toxins. 

Mark’s patients had acute infections of the skin, and it may be true that 
a-lysin is a necessary armament for the initiation of infection by staphylococci 
in the intact skin. In our series, about 25 per cent of the strains were obtained 
from postoperative infections where foreign bodies such as sutures, steel pins, 
and foreign grafts have probably had the effect, as Stephen Elek describes 
elsewhere in these pages, of greatly reducing the efficiency of host defense. In 
such circumstances toxin production may not be necessary for the initiation of 
infection. 

About half of our strains were from chronic infections of bones and joints and 
of tuberculous sinuses. In such environments nontoxigenic strains may become 
predominant as a result of the absence of selection pressure. Coagulase-nega- 
tive nontoxigenic staphylococci have been recoyered from the most chronic 
type of staphylococcal infection, ‘‘Brodie’s abscess.”’ 

But the overgrowth of nontoxigenic variants is not the only explanation for 
this difference in toxin production in acute and chronic infections. H. Ne 
Rogers’* suggestion that im vivo natural macroanions such as chondroitin sul- 
fate, hyaluronic acid, heparin, and the nucleic acids may inhibit the formation 
of enzymes, hemolysins, and other active proteins, and also stop their action 
when formed, provides a second explanation. Our failure on occasion to find 
a-lysin from staphylococci on primary isolation from bone lesions, and the ab- 
sence of detectable antibody in such a high proportion of patients with such 
infections, may be due in part to the inhibition of a-lysin by macroanions, and 
the accumulation of these may be due to the pathological process. In other 
words, the toxic action of staphylococci may depend partly upon the presence 


*See “The Formation of Extracellular Enzymes by Staphylococci” by H. J. Rogers, p. 132. 
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or absence of inhibitors such as these macroanions in the immediate environ- 
ment, and this no doubt varies in the body from one site to another just as it 
may vary in time during the course of an infection. 

Elek and Levy® have reported that a high proportion of coagulase-negative 
strains produce nonspecific hemolysis of rabbit and sheep cells. They suggest 
that the use of the term “hemolytic staphylococcus,” implying pathogenicity, 
is to be deprecated as meaningless, and with this I agree, 

Hyaluronidase. There has been some speculation about the role of hyaluroni- 
dase in staphylococcal infection. This enzyme is produced by most if not all 
pathogenic strains, but it has been pointed out by A. A. Miles that an early 
dispersal of staphylococci may be disadvantageous to the organism. It is pos- 
sible that the role of hyaluronidase as a “‘spreading factor” is a red herring, and 
that this enzyme, by depolymerizing hyaluronic acid in connective tissue, is 
removing a potential inhibitor. Other enzymes that might remove natural 
inhibitors should be sought. 

Leukocidins. ‘The identification of the leukocidins with a- and 6-hemolysins 
has been postulated but neither of these has been purified. There is no clear 
correlation between leukocidin and pathogenicity, and we await their purifica- 
tion for more precise knowledge of their actions. 

More work is needed on the purification of the lysins and other antigens and 
on their action in man. Howard’ has found that the number of antigen-anti- 
body flocculation lines is directly related to the virulence of different strains for 
mice, the number varying from 8 in the most virulent to 0 in the avir- 
ulent strains. In our own studies, greater pathogenicity was associated with a 
broad spectrum of toxins rather than with greater production of any one toxin. 

Conclusions. To sum up, there are a number of tricks that we can make the 
Staphylococcus perform in the laboratory, such as clotting fibrinogen, lysing 
rabbit and sheep cells, dissolving fibrin or mucin, and fermenting mannite—but 
the more one works with Staphylococcus the less fruitful this systematic ap- 
proach appears to be. = 

Personally I doubt whether coagulase is an important factor in pathogenicity, 
but I suspect that the association of coagulase production with greater resist- 
ance to neutrophil lysozyme is important. I have not found any evidence for 
in vivo clotting by coagulase. It has been argued that coagulase clotting is a 
defense mechanism of the Staphylococcus, protecting it from phagocytosis, and 
of the host, protecting the body from invasion, but teleological arguments of 
this sort do not help us. 

Protease and hyaluronidase do not appear to be important as spreading fac- 
tors in uncomplicated infections, though when staphylococci are present with 
other organisms such as vaccinia virus® or tubercle bacilli,” hyaluronidase may 
contribute to the synergism of these double infections by its spreading action. 
Both these enzymes, however, probably alter the milieu in other more comphi- 


cated ways. 
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PROBLEMS IN THE COAGULATION OF PLASMA 
BY STAPHYLOCOAGULASE* 


By Morris Tager 
Department of Bacteriology and Immunology, Division of Basic Health Sciences, 
Emory University, Emory University, Ga. 

The identification of the participating factors is a prerequisite for the elucida- 
tion of the mechanism of the clotting of plasma by staphylocoagulase. The 
characterization of staphylocoagulase had to await the development of methods 
that favored its elaboration in high concentration in the culture medium. With 
such cell-free supernatants as the starting point, purification and concentration 
proved feasible. A second major area of interest has been the nature of the 
plasma factor that participates in the reaction, hereafter to be designated as the 
coagulase-reacting factor, or CRF. Does the coagulase-clotting completely 
bypass the primary steps of the physiological mechanisms that eventuate in the 
conversion of prothrombin to thrombin? Does coagulase act directly on fibrin- 
ogen, thromboplastinogen, prothrombin, or on some wholly distinct plasma 
component? These questions have been particularly pertinent since, contrary 
to physiological coagulation, coagulase acts in the presence of citrate and oxa- 
late ions and of heparin. 

Concepts of the mechanisms involved in physiological clotting are under- 
going rapid change.” ’* Many new factors have been described, and their 
functions and relationships to each other are not yet fully established. Lacking 
a stable base line for comparison, any analysis of the mechanisms of coagulase- 
clotting must be regarded as tentative at the present time, but certainly such 
analysis is contingent upon the identification of the involved factors. Since 
other contributions to this monograph deal with many diverse aspects of coagu- 
lase, no attempt will be made to review the total field. The purpose of this 
presentation is, rather, to summarize work in progress and previously reported 
data upon which the identification of the factors involved in coagulase-clotting 
may be based. 


Staphylocoagulase 


During the many years that coagulase was considered inseparable from living 
staphylococci, little progress in establishing its nature could be anticipated. 
After Walston** had demonstrated that coagulase may be recovered from cell- 
free supernatants of appropriate cultures, the way was paved for studies aimed 
at purification and characterization. T'wo hundred and forty-two strains of 
staphylococci were tested quantitatively for cell-free coagulase upon cultivation 
in brain-heart infusion broth (Difco) to which a mixture of trace ions had been 
added? While approximately 50 per cent of the strains exhibited coagulase 
activity only when living cultures were used, about 9 per cent yielded high con- 
centrations of coagulase in the merthiolated cell-free supernatants, as deter- 


rant No. H-1895 from the Nationa] Heart Institute 
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mined by their ability to clot noninhibitory plasma in 24 hours at coagulase 
dilutions of 1:1280 to 1:20,480. Using 1 such potent coagulase producer, 
strain no. 104, extensive purification studies were undertaken.* After precipi- 
tation of the active principle at a pH of 3.8 to 4.0, purification was carried out 
by several cycles of alcohol treatment in the cold under controlled pH, alter- 
nating with the removal of impurities by the use of low concentrations of am- 
monium sulfate. A variety of alternative procedures tested in our laboratory 
have yielded less satisfactory products. 

Although the products obtained were purified about three hundredfold, they 
were not completely homogeneous on electrophoresis and in the ultracentrifuge. 
One preparation had an uncorrected sedimentation rate of 1.24 for the principal 
symmetrical component that represented well over 95 per cent of the total mate- 
rial. The purified coagulase was nondialyzable through Visking membranes 
and yielded nitrogen values of 14 to 16 per cent. Chromatography of hydro- 
lyzed coagulase by the Dent! technique, carried out in our laboratory by Mar- 
garet Drummond, was consistent with the presence of the following amino acids: 
aspartic acid, glutamic acid, serine, glycine, threonine or lysine, arginine, hy- 
droxyproline or tyrosine, histidine, and tryptophane or valine. In contrast to 
the thermostability of crude coagulase, purified preparations may lose over 90 
per cent of activity when heated at 65° C. for 30 minutes and are all but totally 
destroyed by boiling for 15 minutes. Purified coagulase also was labile when 
diluted in water or in saline, and it was rapidly inactivated by superoxol and by 
ascorbic acid. Crystalline trypsin, chymotrypsin, and plasmin all inactivate 
coagulase, while calf-thymus peptidase is inert. All the evidence, therefore, 
points to the protein nature of staphylocoagulase. 

Although coagulase has been generally considered nonantigenic,'® this view 
must be abandoned. It is now well established that staphylocoagulase is anti- 
genic for the rabbit,’ 7 monkey,!® rarely the chicken'® and, presumably, for 
man. 

Few detailed observations have been carried out on in vivo effects of highly 
purified coagulase.* When this product was administered intracutaneously 
and subcutaneously to rabbits there was a striking lack of local reactivity, in 
sharp contrast to the dermonecrosis of the a-lysin. When, however, excessive 
doses were administered to rabbits intravenously, prompt death of the animals 
resulted. In some of these animals the blood withdrawn immediately after 
death remained fluid, and no fibrinogen was demonstrable by the protamine 
test. While it is tempting to ascribe this action to the in vivo action of coagu- 
lase, one must note that similar effects may be induced by crude tissue extracts 
and other preparations.** 

In titrating for coagulase, several precautions must be observed. When 
serial dilutions of coagulase are made in the presence of a constant amount of 
undiluted plasma, it is well to use 2 per cent peptone-saline as the diluent to 
avoid the deterioration of coagulase at higher dilutions. It is also necessary to 
select noninhibitory human or rabbit plasmas. In a study of 307 unselected 
human plasmas,’ it was noted that less than 50 per cent were sufficiently non- 
inhibitory to merit use in the coagulase titrations by this technique, while Lo- 
minski and Roberts® reported that 212 of 348 samples of human sera inhibited 
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TABLE 1 
THE CLOTTING OF PLASMA BY COAGULASE 


Clotting time (Min.) Coagulase concentration (Reciprocal) 
5 200 
10 500 
20 1,120 
40 2,240 
80 4,480 
160 8,960 
320 17,920 
640 35,840 
1,280 61,440 


the coagulase-plasma reaction. Using potent purified coagulase, making dilu- 
tions in 2 per cent peptone-saline, and adding an equal volume of noninhibitory 
plasma, the clotting time is inversely proportional to the concentration of the 
coagulase. 


The Coagulase-Reacting Factor of Plasma 


It is well to bear in mind that the titration of CRF activity has not been 
standardized and that different laboratories cling to their preferred methods of 
assay. In general, the time for a fibrin clot to appear has been taken as the 
end point. Regardless of the method of titration, certain factors may influence 
the end point profoundly and must be carefully controlled. As already indi- 
cated, the potency of the coagulase preparation is of critical importance. Sec- 
ond, the occurrence of inhibitory zones at the more concentrated levels of 
plasma, whether due to antibodies or to nonspecific inhibitors, must be taken 
into account. Third, adequate fibrinogen must be supplied at the higher 
plasma dilutions. Finally, clotting due to thrombin-fibrinogen interaction 
must be controlled. In our earlier studies”®: 7° it had proved expedient to ti- 
trate CRF by observing the evolution of fibrin up to 24 hours upon reacting 
several concentrations of coagulase with tenfold dilutions of plasma. Subse- 
quently,” #: ® titrations have been carried out with a single concentration of 
coagulase and suitable CRF dilutions to give rise to fibrin clots within 15 to 20 
minutes. 

Although it is necessary to modify the concentration of reagents for specific 
studies, a representative scheme of titration may be taken as follows: 

To 0.2 ml. aliquots of CRF dilutions in either veronal-citrate-albumin buffer 
or in saline containing 2 mg. of bovine albumin per ml. were added 0.2 ml. of 
bovine fibrinogen, and the stop watch started as 0.2 ml. of coagulase was intro- 
duced. The appearance of the first wisp of fibrin was taken as the CRF clot- 
ting time. The CRF dilutions were frequently doubled, starting with 1: 100. 
The coagulase was generally of such potency as to clot an equal volume of un- 
diluted noninhibitory plasma within 20 seconds. 

In 1944, Smith and Hale?’ reported their significant study on the nature of the 
plasma factor reacting with staphylocoagulase. They concluded that the plasma 
factor was neither fibrinogen nor prothrombin since, in their hands, plasma 
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treated by the Mellanby technique of dilution and acetic acid precipitation at a 
pH of 5.3 failed to react with coagulase. They concluded further that coagu- 
lase may be similar to prothrombin and may require “activation” by a plasma 
factor. These workers felt, however, that the alternative possibility of the 
plasma factor being the substrate was not wholly ruled out. In the hands of 
other investigators the findings of Smith and Hale that a plasma-reacting factor 
existed were confirmed, although varying conclusions were reached concerning 
jis nature and Jogalization (1 °rle sha en =? 

As the first approach to a more precise identification of CRF, extensive frac- 
tionation procedures were undertaken.?® Contrary to the findings -of Smith 
and Hale, it was found that Mellanby precipitates did react with staphylocoagu- 
lase. Ammonium sulfate fractionation and the quantitative titration of CRF 
indicated maximal concentration between 33 and 50 per cent saturation, with a 
peak at 45 per cent saturation. There was considerable dispersion of activity, 
however, and even the albumin fraction was contaminated with CRF. When, 
therefore, plasma fractions prepared by controlled ethanol precipitation were 
made available by the Department of Physical Chemistry of the Harvard Med- 
ical School, Boston, Mass. an attempt at a more precise localization of CRF 
activity was sought. In agreement with Smith and Hale and with others,’ " 
but contrary to the recent report of Fredericq,* fibrinogen was eliminated when 
it was shown that only crude fraction I (the principal fibrinogen fraction) was 
rich in CRF, while a purified preparation indicated that the CRF was found in 
the fibrinogen-free component. Similarly, albumin (fraction V) was free of 
CRF. The globulins, however, principally nonthrombin-clotting fractions I, 
ITI-1, I11-2, and IV-1 retained considerable CRF activity. The tests of plasma 
fractions prepared under controlled alcohol precipitation, therefore, success- 
fully eliminated fibrinogen and albumin from further consideration but did not 
exclude prothrombin and, possibly, other blood-clotting factors as contenders 
for identification with CRF. 

It is generally agreed that prothrombin occupies the key position in physiolog- 
ical blood clotting.'* Coagulase, accordingly, might replace thromboplastin, 
stable and labile accelerators, calcium, and the like, and “activate” the pro- 
thrombin molecule directly to effect the conversion of fibrinogen to fibrin. In 
addition to a partial correspondence of CRF and prothrombin activity in sim- 
ilar globulin fractions, other considerations lent weight to the possibility that 
CRF and prothrombin might have a close relationship to each other or might 
even be identical.” °° Both substances have many properties in common, such 
as similar zones of heat inactivation, and both are similarly absorbed by such 
substances as barium sulfate, aluminum hydroxide, and magnesium hydroxide. 
When blood is coagulated by the physiological mechanisms involving the con- 
version of prothrombin to thrombin, prothrombin and CRF are consumed at 
the same rate.*? Similarly, rabbits treated with the anticoagulants dicouma- 
rol’ * and phenylindanedione® lose prothrombin and CRF at an almost equal 
pace, and the reversal of the anticoagulant effect by vitamin K; affects the 
restoration of both factors equally. It is also of interest that in a refractory 
rabbit both prothrombin and CRF were unaffected by the anticoagulants.* 
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TABLE 2 
PURIFICATION OF CRF 


(1) Filter plasma 5 times through Seitz sterilizing asbestos pads. 
(2) 2 wee se m4 fed “a alumina hydroxide gel (amphogel), using 250 grams 
y SS mi. of amphogel per li ¢ 3 
et ena phogel per liter of plasma. Process all column samples by 

(3) Absorb 1000 ml. of plasma on column. Discard the eluate. 

(4) Add 1000 ml. of 0.1 M phosphate buffer, PH 8 to column. Discard eluate. 

(5) Add 500 ml. of 0.2 M phosphate buffer, pH 8 to the column. Discard eluate. 

(6) Add in 250 ml. lots 1000 ml. of 0.2 M phosphate buffer, pH 8.6. Save and test all frac- 

__ tions for activity. Adjust pH to 7.0. 

(7) To the most active fraction of No. 6, add ammonium sulfate crystals to 33 per cent satura- 
tion. Incubate at 0° C. for 6 to 12 hours, centrifuge precipitate, and discard it. 

(8) To the supernatant solution of fraction 7, add ammonium sulfate crystals to 45 to 50 
per cent saturation. Incubate at 0° C. for 6 to 12 hours, collect precipitate, and discard 
supernatant solution. 

(9) Dissolve precipitate in saline. Store in the deep freeze at —20° C. 


= 


Both physiological and coagulase clotting are potentiated by minute amounts 
of crystalline trypsin.*! 

While all of these considerations are highly suggestive, they do not constitute 
valid proof that CRF and prothrombin are the same compound. It became 
apparent that the problem might only be resolved by 2 lines of attack: (1) a 
significant separation of prothrombin and CRF activity; and (2) the purification 
and characterization of CRF and of prothrombin as distinct substances. 

The dissociation of CRF and prothrombin activity was successfully accom- 
plished.2® When human citrated plasmas were filtered 5 times through steriliz- 
ing asbestos Seitz pads, as much as 50 per cent of CRF activity was recovered 
in the filtrates, while prothrombin activity was virtually eliminated. To dem- 
onstrate such dissociation, careful attention must be paid to the surface-volume 
relationships of the filtration procedure.”® Using such filtrates as the starting 
point, concentration and purification studies were undertaken. A representa- 
tive scheme is summarized in TABLE 2. 

The purified CRF was studied in the ultracentrifuge and on paper electro- 
phoresis. It was found that the CRF preparation formed a homogeneous 
symmetrical peak, with sedimentation rates in the range of 2.5 to 3, con- 
stituting about 90 per cent of the material, but a small rapidly moving com- 
ponent with a sedimentation rate of 5.85 could not be eliminated. On paper 
electrophoresis, the maximal staining was in the zone between the beta and 
the gamma globulins. Neither the molecular weight nor the behavior on 
paper electrophoresis corresponded to the reported properties of highly purified 
bovine prothrombin of W. H. Seegers.* Thus, the CRF obtained upon puri- 
fication following Seitz filtration differs not only in activity from prothrombin 
but also in certain basic properties, such as molecular weight and mobility on 
paper electrophoresis. 

If, then, “pure” prothrombin were available and found to be free of CRF 
activity, the case for the distinctiveness of CRF from prothrombin would be 
fully established. Earlier tests of the purified bovine prothrombin of Seegers 
showed these preparations to be devoid of CRF,* but these tests are not perti- 
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nent to the present problem since bovine plasma is itself very low in CRF activ- 
ity. It was therefore most fortunate that we were able to secure highly purified 
human prothrombin from Seegers. This substance was prepared in Seegers’ 
laboratory by Takeshi Abe from citrated human plasmas shipped in a solid- 
frozen state from Atlanta, Ga. to Detroit, Mich. The products were tested in 
the ultracentrifuge, by paper electrophoresis, and for biological activity. In 
the ultracentrifuge under varying conditions, sedimentation rates differing from 
those obtained with CRF were obtained 4.5 and 5.6 were obtained for the prin- 
cipal component while, with paper electrophoresis, the protein stain was 
localized primarily in the a; and a: positions. Though clearly different from 
the purified CRF in its physical properties, the purified prothrombin proved te 
be an excellent source of CRF. Indeed, the purified prothrombin preparations 
were equally as potent as some of the most active CRF samples prepared from 
Seitz-filtered plasmas which, nevertheless, were devoid of prothrombin activity. 

A synthesis and reconciliation of these findings is certainly necessary. The 
many points of similarity between prothrombin and CRF have already been 
summarized. Certain established differences between the physiological and 
the coagulase clotting systems do not necessarily involve the question of the 
identity of CRF and prothrombin. Thus the clotting of plasma by staphylo- 
coagulase in the presence of citrate and oxalate ions and of heparin may merely 
indicate that the mode of attack on the prothrombin molecule by the bacterial 
product differs from the physiological activation. Certain differences do point 
to a separation of the 2 factors, however. Discrepancies have been noted in 
CRF and prothrombin activity in different plasma fractions.*®° There is also 
the well-established dissociation of CRF and prothrombin activity in different 
animal species. The most unequivocal separation of CRF and prothrombin 
was accomplished by the serial Seitz filtration procedure already described. 

The demonstration of CRF activity in a purified plasma fraction distinct 
from prothrombin, and also in a highly purified prothrombin preparation, sug- 
gests several possible interpretations: 

(1) This activity may be a fortuitous occurrence, and the 2 substances may 
be wholly unrelated. ‘ 

(2) The fractions may be contaminated. Admittedly, neither preparation 
is completely homogeneous, although the major component of each is symmet- 
rical and constitutes well over 90 per cent of the total material in each instance. 
When activity was tested after paper electrophoresis in parallel unstained strips, 
however, it was found to correspond very closely to the area of maximum stain- 
ing. Similarly, the use of a separation cell in a Spinco analytical ultracentri- 
fuge pointed to an association of activity with the major component. 

(3) Purified CRF recovered after Seitz filtration and prothrombin may be 
related compounds. Prothrombin may be the parent compound, but it may 
break up into smaller units that no longer function as prothrombin but still 
function as CRP. Some of these fractions may be intermediate products be- 
tween prothrombin and thrombin and, indeed, human thrombin”® itself is still 
effective as CRI", once dilutions are carried beyond the zone of reactivity with 
fibrinogen alone. ; 

A number of considerations lead us to favor the third possibility: 
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(1) The purified CRF prepared from Seitz-filtered plasma has shown a prin- 
cipal component with a molecular weight estimated at one half that of one of the 
prothrombin components as determined in the Spinco ultracentrifuge. 

(2) The properties of CRF obtained after filtration differ sharply from those 
of CRF in untreated plasma.’ Thus precipitability by the Mellanby dilution 
and acidification technique, adsorption on alumina, heat stability, and heparin 
sensitivity are all significantly altered by filtration. 

(3) The deliberate conversion of purified Seegers’ prothrombin to a derivative, 
autoprothrombin, failed to destroy CRF activity although it had eliminated 
prothrombin activity and had a low thrombin content. This preparation, 
when studied in the ultracentrifuge, showed a disruption of the prothrombin 
molecule into many smaller components. 

(4) It has been noted that when a plasma low in CRF is treated chemically, 
as by the Mellanby precipitation technique, an unexpected increase in CRF ac- 
tivity is noted in the reconstituted precipitate.2® This has been previously 
interpreted as a phenomenon of release from inhibitors. In the light of the 
current hypothesis, it may be that the chemical procedure has broken up or 
modified a larger, less reactive prothrombin molecule into smaller units that 
function more effectively as CRF. 

(5) It has been shown that crystalline soybean trypsin inhibitor (SBTI) 
fails to block the coagulase clotting of plasma.*' It has been established that 
SBTI fails to block the reaction between thrombin and fibrinogen,’ *4 but is 
effective in blocking the conversion of prothrombin. If active CRF includes 
fractions intermediate between prothrombin and thrombin, it is now under- 
standable why this inhibitor failed to block the coagulase clotting of plasma. 

In the light of the studies presented, based on highly purified though re- 
grettably not homogeneous components, it is now possible to reconcile the con- 
flicting findings on the nature of CRF. Given a susceptible animal species, 
coagulase can react with (1) prothrombin, (2) smaller molecules presumably 
derived from prothrombin, and (3) thrombin itself. It is now understandable 
why CRF and prothrombin activity parallel each other very closely while, in 
other instances, a dissociation of activity occurs. The CRF obtained after 
Seitz filtration permits the isolation of small molecules intermediate between 
prothrombin and thrombin. It is uncertain whether these substances are nor- 
mal components of plasma or are formed as a result of the filtration. 

How coagulase acts is still unknown. Since prothrombin may be activated 
by trypsin and other proteolytic enzymes, It was deemed possible that coagulase 
might function similarly. No direct evidence of proteolysis has peer found, 
however. Coagulase is not inhibited by soybean trypsin inhibitoz, and there 
is no obvious action on such substrates as fibrin, gelatin, and egg white. Sol 
Sherry!’ has been unable to find any evidence of the splitting of synthetic argi- 
nine and lysine esters by coagulase, a delicate test for proteolysis. The mech- 
anism of coagulase action may therefore be of some interest tot he worker on 
the physiological clotting of blood since it presents an efficient, if unusual, a 
proach to analyzing prothrombin and its derivatives. Tit is alee noteworthy 
that the no man’s land between prothrombin and thrombin Is com raid 
scrutiny in relation to blood clotting factors of significance in physiologica 
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clotting.® It has been recently suggested, accordingly, that plasma thrombo- 
plastin component (PTC) may be a derivative of prothrombin that serves as a 
ready source of thrombin.” Possibly other prothrombin conversion accel- 
erators may be shown to have a close relationship to prothrombin, or even to 
be derived from it. Comparative studies in our laboratory of CRF and platelet 
suspensions, the serum prothrombin conversion accelerator (SPCA) of Alex- 
ander, the labile accelerator globulin, and PTC have failed to indicate a corre- 
spondence of properties. We have been unable to support the claim that CRE 
is identical with the thromboplastinogen or the antihemophilic globulin.” — Fur- 
ther work along these lines is indicated, however. A 

It has generally been assumed that after coagulase reacts with its substrate, 
CRF, fibrinogen is converted to fibrin. It was therefore of interest to study the 
fibers under the electron microscope. Preliminary observations were made with 
Albert Lansing on “fibrin” formed from the reaction of purified coagulase, CRF, 
and human fibrinogen. Such clots were fixed in osmic acid and then sectioned. 
While sufficient fibers were not examined to justify any statistical comparison 
with fibrinogen, fibers showing the same range of periodicity as fibrinogen were 
observed, as well as some fibers with much coarser striations. 

While this report has been primarily concerned with defining the factors that 
lead to the clotting of plasma by staphylocoagulase, other studies have directly 
implicated coagulase in staphylococcal virulence. Smith, Hale, and Smith?! 
have proposed that the 7m vivo elaboration of coagulase delays the phagocytosis 
of staphylococci by its ability to initiate the deposition of fibrin. Alternative 
biological functions for coagulase have been suggested, such as the enhance- 
ment of the survival of staphylococci in leukocytes,” and the ability of coagu- 
lase to block the antibacterial activity of normal human serum.’ It is evident 
from other contributions to this monograph that the mechanisms of staphylo- 
coccal virulence in general, and the contribution of coagulase to virulence in 
particular, remain both complex and elusive. If an 71 vivo role is to be ascribed 
to coagulase, then it might be on the basis of its clotting action or on the basis 
of some as yet undefined attack on host tissue acting as the substrate. The 
determination of the enzymatic activity of purified coagulase, therefore, may 
prove of interest in both the blood-clotting field and in an analysis of st aphylo- 
coceal virulence. Studies along these lines are in progress. ; 


Summary 


The properties of highly purified staphylocoagulase are presented. The 
evidence for the identification of the coagulase-reacting factor of plasma is 
discussed. On the basis of studies with highly purified preparations it is con- 
cluded that CRF activity is linked with the prothrombin molecule, but that 
smaller molecules, devoid of prothrombin activity but presumably derived 
from prothrombin, are also effective in reacting with coagulase. 
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THE EFFECT OF COAGULASE ON THE ANTIBACTERIAL DOELIVILY. 
OF NORMAL HUMAN SERUM AGAINST SELECTED STRAINS 
OF MICROCOCCUS PYOGENES 


By Richard D. Ekstedt 


Department of Medicine, Northwestern U niversity Medical School, Evanston, Ill. 


Although coagulase production has been used for many years as a criterion 
for the potential pathogenicity of staphylococcal strains isolated from infectious 
processes, the actual mechanism of its action in the pathogenesis of staphylo- 
coccal infections is still enigmatic. That coagulase does play a role in the 
pathogenesis of infection with these organisms was indicated by the work of 
Smith and Hale (1944) who showed that the correlation between coagulase 
production and pathogenicity holds only when the plasma of the animal con- 
cerned is coagulable. 

Inhibition of phagocytosis by coagulase in an in vitro system was advanced as 
one explanation of the role of coagulase in staphylococcal infections by Hale and 
Smith (1945). That coagulase functions in vivo as it does in vitro has been 
questioned, however, since it has been shown that even with the injection of 
massive amounts of potent cultures and filtrates into rabbits, no intravascular 
clotting could be demonstrated clinically, grossly, or microscopically (Fisher, 
1936). Menkin and Walston (1935) were also unable to produce lymphatic 
blockage in rabbits by the intracutaneous injection of active cell-free coagulase. 

The present work was undertaken with the thought of developing a more 
direct test of virulence for the staphylococci. Since all of the i vitro tests com- 
monly used take into consideration only certain biochemical activities of the 
organisms, many of which have not been fundamentally associated with viru- 
lence, their reliability is always open to some criticism. It was felt that a more 
direct test of virulence that would depend not only upon the activities of the 
organisms but also upon the relative resistance of the host to the organism in 
question would be of definite value. 

The investigation reported here includes a comparison of the growth of path- 
ogenic and nonpathogenic strains of staphylococci in normal human serum, and 
the effect of various metabolic products of the microorganisms upon this growth. 

Previous work (Hench, 1952) had indicated that the susceptibility of an ani- 
mal to an infectious agent was reflected in the ability of that animal’s serum to 
support the growth of the organism in question. With this thought in mind, 
35 strains of staphylococci were tested for their ability to grow in pooled human 
serum containing 20 individual serum samples. 

The strains tested included not only recently isolated strains from human 
sources but also laboratory strains and strains of animal origin. The prelim- 
inary screening was done by inoculating 0.1 ml. of a 10~® dilution of an 18-hour 
broth culture of the organism under examination into 1.0 ml. of the pooled se- 
rum. This inoculum contained an average of 2.0 X 10° organisms. A 0.1 ml. 
aliquot was removed after 24 hours incubation at Rae Om and plated directly, 
The tests were carried out in serological tubes 10 mm, x 75 (outside dimen- 
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sions) that were kept closed with rubber stoppers during incubation. This 
method prevented the rapid alkaline shift of the serum that occurs when se- 
rum is exposed to the air without addition of further buffers. The organ- 
isms were also tested by accepted methods for coagulase production, mannitol 
fermentation, pigmentation, and hemolysis on rabbit- and sheep-blood agar 
plates. The results of this screening are presented in TABLE 1, where the close 
correlation between coagulase production and growth in serum is evident. 
Scoring the growth of the organisms in serum was done on an arbitrary nu- 
merical basis. In TABLE 1, the number 4 indicates confluent growth on the 
TABLE 1 


SURVEY OF STRAINS OF Micrococcus PYOGENES WITH RESPECT TO PHYSIOLOGICAL 
PROPERTIES AND GROWTH IN NormMAL HumMAN SERUM 


Rat jae Mannitol | Toxins | Growth 
Strain Coagulase | Pigment |fermenta- | | pee: 
| Gan Z ‘ | in serum 
Recent isolates human origin | 
urtzqe see Sees Sone ae ~ a - _ — | 4 
McKeltot; .s:.0is avegecerss + a + | + + | 4 
Colby areterets for eictat ore tae + +5 a _ 4 
Wellsw eae). nak ae aes + = + | + — 4 
Willey: Mea et heen fae == 55 =F = = td 
Schulte oe = _ 4 
ISCHEMIA i. Badkese ove ee nade a5 + sie =- = 4 
PGI OL CHa ete eee en ee ate ae =i =e _ 4 
Sloenelll vases ee oer ai are | eae ote = 4 
INGO 2 a pce ea soe SE eee) eee + _ 4 
ec eee eae ath ee ee oe ee ee + 4 
WOREZN A, cos GaGa coeanas Hal — a _ 4 
SI OCUMIA erie ee het een fae ete + a _ + — 4 
Houch = _ - -- = 0 
ETT eae tee eee ae nae a _ — _ 0 
Ratesyraa. cus aasteanngs = ae - - _ 0 
DB aril gare cars eee ett rae, Ae - — — — = 0 
Ekstedt....... — = = = 0 
(olsnenmee een bette coe ace — -- _ _ = 0 
1 isl Oss oe oa ye aera Sa Pee eee — — = == _ | 0 
(Crullingia, so 4en8ace — = oe = = ) 
Ganlleye Gacy ae ame cee ~ _ ~ =e 1 
Coulitas Raat rycrenccck ee Oe ree seh! _ — ae 1) 
NCUDV Ns Ber ape Seen Am ey Ten + + = = = 1 
Animal strains | | 
VSGALO Dae toncr coke ethos +4 — ft = = 0 
TS 2eAtns oe, anaes “ on eee = 13 1 
Lace ate | 7 | + ue oo clk 2 
ER Ghee ive eh ae ES 
| a | ai = 0 
Laboratory strains | 
IS OV ae eee | 9 se eee He ai ae 4 
van......., lhe iaeeedt) ets ae eile a 4 
LU arernny eee } -+— | + ao =) 
Ren atesisunnaat | sen mls ate ie : 
ADA OS IN 5 oe ell ae 1: at = ; 
ADS OTS A Bye toes = = a 4 
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TABLE 2 


GROWTH OF SERUM-SUSCEPTIBLE AND SERUM-RESISTANT STRAINS OF 
Mycrococcus PYoGENES IN NoRMAL HuMAN SERUM AND Brot 


Aes AoE steele Sr speed ine ot hea SERN chee 
0 2.0 x 10S 4.8 X 10? 4.0 X 10? e 
1 5.0 X 10) 5.3 X 10? 7.0 X 10? a y ig: 
3 2.2 a 10 $.5°=X< 10? 6.0 X 108 6.6 X 108 
5 Ash 104 S206 10% a SK IO Jo) X< 10H 
10 Pek. >< 107 4.0 X 108 APRS NO coh Dae IGE! 
24 6.0 X 107 4.0 X 103 — — 


* Plate count per 1.0 ml. serum. 


plates from the 24-hour sampling, 1 indicates approximately the same number 
of colonies in the 0 and 24 hour sampling, and 0 indicates fewer colonies devel- 
oped after 24 hours in serum than were seen on plates made at zero time. 

In all succeeding experiments, actual counts were made of the number of sur- 
viving organisms after varying intervals of exposure to serum. The inoculum 
in most cases was kept low, that is, of the order of 10? to 10# organisms per ml., 
in order to simulate as closely as possible the conditions that would be likely to 
occur in the initiation of an infection. 

The results of a typical experiment comparing the growth of coagulase-posi- 
tive serum-resistant and coagulase-negative serum-susceptible strains of Staph- 
ylococcus in serum and broth are presented in TABLE 2. 

With the difference in the susceptibility of nonpathogenic coagulase-negative 
and pathogenic coagulase-positive strains of staphylococci to the effects of 
normal human serum noted, the problem was approached from 2 points of view. 
First, an attempt was made to learn more about the antistaphylococcal serum 
factor and, second, we studied the serum-resistant organisms to discover how 
these strains were capable of withstanding the inhibitory effects of serum. 


Heat Stability 


The first experiments to determine the characteristics of the antibacterial 
serum factor were designed to study its heat stability. Two ml. samples of 
undiluted serum were sealed in soft glass tubes to prevent evaporation and 
heated in a water bath at 55° C. or 60° C. for 30 minutes. An unheated sample 
of the same serum served as the control. The results of this experiment are 
presented in TABLE 3. It is apparent that the serum activity is heat stable in 


TABLE 3 


GROWTH OF A SERUM-SUSCEPTIBLE STRAIN OF Micrococcus 
ge 
PYOGENES IN HEATED NoRMAL HUMAN SERUM 


| Serum heated 56° C./30 min. | Serum heated 60° C./30 min 


Time (hrs.) Unheated serum 
| ; 3 PPA) >< al): 
Daal em | PA) | 
10 4.0 X 104 | 2.4 X 10% 2 dix 108 
24 5.0) < 108 | 218 x 10? | BONG LOE 


* Plate count per 1.0 ml. serum, 
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TABLE 4 


Growtn oF VARIED INOCULA OF A SERUM-SUSCEPTIBLE STRAIN OF Micrococcus 
PYOGENES IN HkATED NoRMAL HuMAN SERUM 


Dilutiont 
Time 
ore 10-8 | 10-4 | 1075 1076 
| 
Unheated Serum 
9 im 2 
0 PS) ye KO BrOex) LOF (jp lO yee 10) 
10 Heel < OH ie) ee ae | 3.0 * 102 0 
24 SAO SK Oe AAW >< KO 2/0 x L0t _ 0 
Heated at 56° C./30 min. 
0 PROPS MOY: 4.2 X 10° Sy Ox. 10% 4.0 X 10! 
10 1202 le Om Oz 2.0' XK 103 | 0 
24 4.5 x 10! Ol eLOz 158G 102 | 0 
Heated at 60° C./30 min. 
0 Soe) os KO): Begine< i0e 6.6 X 10? 9.0 X 10% 
10 UP € WOe Sh oe Loy OF 5.0 X 10° 
24 Bio) Oslo! S74 105 Dd ke LF fe Oe 


* Plate count per 1.0 ml. serum. : d : 
+ Dilution of 18-hour broth culture of organisms in saline. 


the usual sense of the word for biological materials, that is, at 56° C. for 30 
minutes. Under the conditions of this experiment it appeared to be capable 
also of withstanding temperatures as high as 60° C. for 30 minutes. With the 
small inocula used in this experiment, any slight impairment of the antibacterial 
activity might have been missed. A further heating experiment was therefore 
carried out in which varying inocula were introduced into heated sera. The 
results are presented in TABLE 4. From these results it appears that the anti- 
staphylococcal activity of human serum is stable at 56° C. but shows signs of 
inactivation at 60°C. Heating undiluted serum above 62°C. results in its 
coagulation. 


Nutritional Requirements 


The possibility that the differential antibacterial effect upon the different 
strains of staphylococci was due to differences in nutritional requirements of 
the organisms was next investigated. It was felt that the best way to test this 
possibility was to add a complete nutrient medium to serum in increas- 
ing amounts and to record the subsequent growth of an otherwise serum-sus- 
ceptible strain in this nutritionally fortified serum. As a control, 1 per cent 
gelatin in saline was identically fortified with nutriment, and the growth of 
identical inocula was followed. The results of this experiment are presented in 
TABLE 5. It was only after the serum had been diluted with more than an 
equal volume of brain-heart infusion (BHI) broth (the nutrient used) that there 
was any appreciable growth. Even in this case the growth did not exceed that 
in the control tube, into which only 0.1 ml. of BHI was placed. 
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TABLE 5 
GrowTH OF A SERUM SUSCEPTIBLE STRAIN OF Mycrococcus pyoge 


NES IN SERUM- 
BROTH AND GELATIN IN SALINE-BROTH MrIxturReEs 


rT Serum-Broth Mixtures ; os 
ime 
(hrs.) ; 2 ce. Pani : = = = 
1.0/0.0* 0.9/0.1 | 0.8/0.2 | 0.7/0.3 0.6/0.4 0.5/0.5 0.4/0.6 
0 |5.1 X 10*|4.8 x 107|4.7 x 102|6.1 x 102| 3.9 x 107/4.8 x 10? [3.5 
1 | 3. 5 X 102 
6 Bieta lere ey eels acs Oe) 1-2 XX 108 3.4 X 103 /4.8 & 10% |1.5 x 108 
24 1.8 X 10°|5.7 X 107/9.6 & 108] 1.4 & 103 3.0 X 104 /3.6 < 105 |3.0 & 107 
Gelatin in Saline-Broth Mixtures 
1.0/0.0T 0.9/0.1 0.8/0.2 0.7/0.3 | 0.6/0.4 0.5/0.5 0.4/0.6 
0 bod SX 10%] £5 3< 108 1.3 X 108) 1.3 10) 1.5 x 1071.2 X 103 is 108 
oa 0 |3.6 X 10*| 6.0 X 104|3.6 X 104|7.2 & 104 SO SK Oe SK OE 
24 «| 0 aed | 5.8 X 108 |9.6 X 108 |9.0 x 108 
| 


x 10°)3.6 X 108] 4.8 >< 108) 5. 


* Dilution: 1.0 ml. serum per 0.0 ml. broth, etc. 
+ Dilution: 1.0 ml. gelatin in saline per 0.0 ml. broth, etc. 


Calcium Requirements of the Reaction 


Jacox (1950), studying the bactericidal effect of human serum on Bacillus 
subtilis, demonstrated that the effect was calcium sensitive and could be abol- 
ished by treating the serum in such a way as to make the calcium unavailable. 

Similar experiments were carried out with the serum-susceptible strains of 
staphylococci. Sterile 0.1 M solutions of sodium citrate and calcium chloride 
were prepared. To 1.0 ml. serum samples were added 0.1 ml. amounts of so- 
dium citrate and calcium chloride solutions, separately and in equiva- 
lent amounts. Volumes were kept constant in all tubes by the addition of 
sterile water. These treated sera and control sera, diluted identically with 
water, were tested for their ability to support the growth of serum-susceptible 
strains of staphylococci. The results of a typical experiment of this kind are 
presented in TABLE 6. The antistaphylococcal activity was considerably re- 
duced in the tubes receiving only the citrate but, upon addition of an equiva- 
lent amount of calcium, the antistaphylococcal activity was reestablished. In 


TABLE 6 

EFFECT OF ADDITION OF SopIUM CITRATE AND EQUIVALENT AMOUNTS OF CALCIUM 
CHLORIDE Upon THE ANTIBACTERIAL Activity OF NORMAL HuMAN SERUM 

AGAINST A SUSCEPTIBLE STRAIN OF MycrococcUS PYOGENES 


rg | Control] | Na Citrate* Na merci COU CaCls* 
¥ 4 eee _ ov aes : 
102 | 4.3 X 10? 4.5 X 10? 4.1 X 10? 
: : ‘eA ; | 3.6 X 10? 5.2 X 10? Hane, i 
9.4 & 102 7.2 X 10? 1.4 x 103 ' 
ie 2.6 : 108 5.1 X 108 3.3 X 108 1.6 X 10? 
24 8.5 xX 102 | 4.8 X 108 1.4 X 103 1.8 < 10? 


* 0.1 M solutions added in 0.1 ml. amounts to 1.0 ml. of serum. 
+ Plate count per 1.0 ml. serum. 
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addition we found, in agreement with Jacox (1950), that the Ca*~ could not be 
replaced in the reaction by Mg**, Mn**, or Fe** ions. 


Oxidation-Reduction Studies 


Hench (1952) found that an oxidation-reduction mechanism played a role 
in the pneumococcidal activity of rat and guinea pig serum. The serum from 
the guinea pig, an animal relatively resistant to experimental pneumococcal 
infection, was highly bactericidal for the pneumococcus, while serum from the 
susceptible rat lacked this activity. Hench found, however, that by the addi- 
tion of reducing agents the pneumococcidal activity of the guinea pig serum 
could be appreciably reduced. Pichat (1949) also noted that the bactericidal 
activity of blood, serum, and urine toward staphylococci, typhoid, paratyphoid, 
and colon bacilli could be completely abolished by the intravenous injection of 
3 gm. of neutralized ascorbic acid. 

In view of these findings, experiments were undertaken to determine the 
effect of certain reducing agents upon the antibacterial activity of normal hu- 
man serum against susceptible staphylococci 7 vitro. 

Sodium ascorbate was prepared at a concentration of 40 mg. per ml. and 
sterilized by filtration through a Seitz filter. Doubling dilutions of this stock 
solution were made, and 0.1 ml. amounts of the solutions were added to 1.0 ml. 
of serum. Additions were equivalent to 4, 2, 1, 0.5, 0.25, and 0.0 mg. of sodium 
ascorbate per ml. of serum. The pH and Eh of the tubes before the experi- 
ment were determined on a control series of tubes set up exactly as were the 
experimental tubes. This was necessary to preserve the sterility of the experi- 
mental tubes. These determinations after the experiment were made upon the 
actual experimental tubes to detect any change due to the growing organisms. 
The pH and Eh determinations were made with a Beckman Model G pH meter 
using a Dietz (1949) microcup. 

The results of a typical experiment of this kind are shown in TABLE 7. Only 
in the tubes where the reducing agent was at a sufficient concentration to main- 
tain the Eh values below —0.05 volts was there any appreciable growth of the 
otherwise susceptible strains. Similar results were obtained using sodium thio- 
glycollate as the reducing agent. 


Proteolytic Digestion of Serum 


The possibility that the antibacterial activity of the serum was associated 
with a protein or protein complex was investigated by treating serum with pep- 
sin and then testing its antistaphylococcal activity against susceptible staphylo- 
cocci. Serum was adjusted to pH 4.5 with 5 N HCl, 10 mg. per ml. of granular 
pepsin (Lilly, 1:10,000) was added and mixed thoroughly, and the tubes were 
incubated at 30°C. Samples were taken at 1 and 5 hours, and adjusted to 
pH 7.5 with 5 N NaOH, which effectively stopped the enzymatic activity. The 
samples were then dispensed for the antibacterial test. Controls were included 
to determine the effect of mere pH adjustment to pH 4.5 on the antibacterial 
activity, and the effect of the added pepsin without pH adjustment was also 
considered. The tubes of digested serum were then inoculated with a suscep- 
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TABLE 7 
THE Errect or AscorBic Acip Upon THE ANTIBACTERIAL ACTIVITY OF 
NorMAL HuMAN SERUM AGAINST A SERUM-SUSCEPTIBLE 
STRAIN OF Mycrococcus PYOGENES 


Ascorbic Acid 


Time 
(hrs.) N A 
4 mg.* | 2 mg. | 1 mg. 0.5 mg. 0.25 mg. 0.0 mg, 
=a aes 
0 2k 108 L216. 102 Zo) X 103 Loe LF Pate Se a Z2On< 110? 
24 | 9.0 108 | 3.0 10 | 1.510! | 1.3 X 102 | 1.8X 102 | 2.4 x 108 
Before experiment 
lode 7.0 75 7.5 7.6 ere 8.0 
Rn. | —(0.085y —0.092 —0.085 | —0.079 —0.070 -+-0.03 
After experiment 
pais ae od £25 yao. | 7.4 #3 (es 
Eh....| —0.07v —0.11 —0.05 +0.01 +0.11 +0.10 


* Mg. neutralized ascorbic acid per 1.0 ml. serum. 
+ Plate counts per 1.0 ml. serum. 


tible strain of Staphylococcus, and its growth was followed. The results of these 
experiments are presented in TABLE 8. They clearly show that the antibacterial 
activity of normal human serum for staphylococci can be reduced by proteolytic 
digestion with pepsin. 


Absorption Studies 


Absorption with heat-killed whole bacterial cells. It was obviously important in 
a study of this kind to determine whether the antibacterial activity shown by 
normal serum against certain strains of staphylococci was of a specific nature or 
merely a manifestation of a more general activity. 

Agglutination experiments were performed early in this investigation to de- 
termine whether the consistently lower counts obtained with the serum-sus- 
ceptible staphylococci were valid population estimates or due solely to aggre- 
gation of the susceptible strains. At no time could aggregates larger than those 
present in the controls be observed either microscopically or macroscopically. 

Absorption experiments were carried out in which serum samples were ab- 


TABLE 8 

Tue Errect oF Pepsin DicEsTION OF NorMAL HuMAN SERUM Upon Its 
ANTIBACTERIAL Activity AGAINST A SERUM-SUSCEPTIBLE STRAIN 

OF MyYyCROCOCCUS PYOGENES 


aes pH control | Enzyme contro] 1-hour digestion 5-hours digestion 
rs 
10°* 156 108 gs 108 1.13 108 
: ; aS 10? Se a02 OM xa 0? | alex a 
0 : | | 5 3 
10 Ay Ye Aa Se Kg LOF | Cones) ee MG) | 4.4 X 


* Plate count per 1.0 ml. serum. 
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sorbed with susceptible and resistant strains of staphylococci and then tested 
for their ability to support the growth of these organisms. Absorptions were 
also carried out with other organisms including: Streplococcus pyogenes, group 
A; Diplococcus pneumoniae, type I, strain 76; Salmonella typhosa, strain Rawl- 
ings; and Bacillus anthracis, strain H 109. The details of the absorption ex- 
periments have been presented elsewhere (Ekstedt, 1956). A composite table 
of the absorption results with whole cells are presented in TABLE 9 and indicate 
that the antistaphylococcal activity of normal human serum is not of the usual 
serological specificity since the activity can be reduced by both serum-suscep- 
tible and serum-resistant staphylococci as well as other unrelated organisms. 

Absorption with cellular and filtrate fractions. Fractionation of both suscep- 
tible and resistant staphylococcal strains was carried out in an attempt to de- 
termine if there was a particular cellular element responsible for the different 
biological activity observed. Fractions were also prepared from culture fil- 
trates and tested for their ability to neutralize the antistaphylococcal activity 
of serum for susceptible strains. 

Polysaccharide fractions, prepared according to the method of Julianelle and 
Wieghard (1935) from both serum-susceptible and serum-resistant staphylo- 
cocci were used to treat serum. These fractions from neither serum-susceptible 
nor serum-resistant strains of staphylococci neutralized the antibacterial activ- 
ity of the serum against susceptible strains. 

Purified alpha and beta toxins were prepared by acetone precipitation at 
pH 4.0 and 9.0 respectively, according to a method described by Fulton (1943). 
These preparations, when used to treat serum, were without effect upon its 
antistaphylococcal activity. 

Crude protein fractions were prepared from ruptured-cell supernatant by 
saturation with ammonium sulfate. Even with repeated washing of the coagu- 
lase-positive, serum-resistant strains of staphylococci, the product almost al- 
ways had coagulase activity. These crude protein fractions, prepared identi- 
cally from both serum-susceptible and serum-resistant strains of staphylococci, 
were used to treat active serum in amounts of 1.0 mg. protein per 1.0 ml. serum. 


TABLE 9 
GROWTH OF A SERUM-SUSCEPTIBLE STRAIN OF Mycrococcts PYOGENES IN 
Normat Human Serum ABsorBED WitH HomoLocous 
AND HETEROLOGOUS ORGANISMS 


Absorbent 
Time (hrs.) ~ ~ - 

Susceptible Staphylococci Resistant Staphyloccoci Streptococci 

0 6 5 < 102* 5.0 & 102 
5X 10? 5. 2 6.0 X 102 
24 9.0 X 107 1.2 X 108 1.0 X 108 

Pneumococci Typhoid Anthrax 

0 8.0 X 102 6.4 X 10? 
: 6.8 X 10? 
24 1.0 X 107 2.4 X 103 ZO >a O® 


* Plate count per 1.0 ml, serum. | 
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TABLE 10 
GRowWTH OF A SERUM-SUSCEPTIBLE STRAIN OF M YCROCOCCUS PYOGENFS IN 
Normat Human SERUM TREATED WITH THE CELL Protermss DERIVED 
FROM SUSCEPTIBLE AND RESISTANT STRAINS OF THESE ORGANISMS 


Time (hrs.) | Control serum Serum treated with susc. cell] Seruin treated with resist. 


| } protein cell protein 
0 | 6.2 >< 1.03" lie Po xe LO? (os) S< Oe 
iS) 1.2 X 108 Le See iQ Se WOE 
10 | 1.1 X 108 7.0 X 10? To x 108 
24 A 104 6.4 X 10! 3.9 X 107 


* Plate counts per 1.0 ml. serum. 


The results of a typical experiment with serum treated with the cellular pro- 
teins from susceptible and resistant strains is shown in TABLE 10. Se- 
rum treated with resistant-strain protein was rendered inactive against a serum- 
susceptible strain, while serum treated identically with serum-susceptible-strain 
protein was still antibacterial against serum-susceptible organisms. Protein 
fractions similarly prepared from filtrates of the organisms also gave similar 
results (TABLE 11). The filtrate protein fraction in this instance had a coagu- 
lase titer such that 10 wg. of the material produced a solid clot in human plasma 
diluted 1:5 in less than 1 hour. The activity of this material in neutralizing 
the antistaphylococcal substances in human serum directed against certain 
strains of staphylococci was stable to heating at 65° C. for 30 minutes. This 
treatment had no effect on the coagulase titer. 

An interesting observation was made upon 2 strains of staphylococci that 
were very weak coagulase producers. These strains were nevertheless suscep- 
tible to the antistaphylococcal activity of human serum. Upon further frac- 
tionation of the crude preparations resulting from saturation of culture filtrate 
with ammonium sulfate, preparations were obtained that had low coagulase 
activity. These preparations were incapable of neutralizing the antistaphylo- 
coccal activity of serum to coagulase-negative strains. When used to treat 
serum into which was inoculated the weak coagulase producers, however, these 
organisms would grow. ‘The results of 1 of these experiments are presented in 
TABLE 12. It seems from these, as well as from other experiments, that a min- 


TABLE 11 


Tue EFFect or AMMONIUM SULFATE PRECIPITATED CULTURE FILTRATE MATERIAL FROM 
SERUM-SUSCEPTIBLE AND SERUM-RESISTANT STRAINS OF MICROCOCCUS PYOGENES 
Upon THE GROWTH OF SUSCEPTIBLE STRAINS IN NorMAL HuMAN SERUM 


} ° . 
Serum treated with resistant strain Serum treated with susceptible strain 
Ti Tiatreated filtrate material* filtiate material 

ime 
(hrs.) | serum control 


Strain no. 1. | Strain no. 2. | Strain no. 3. | Strain no. 1. | Strain no. 2.| Strain no. 3. 


0 16.5 X 10°t|1.3 X 10? [5.0 X 10! |3.0 X 10? | 1.5 X 10?/5.0 K 10') 5.0 X 10) 
10 42 52 10. 5.0: 105 3.5 x 104 |2.0 X 105 | 1.2 X 10?|3.5 K 101|5.0 X 101 
94 |2.3 X10? 15.0 X 107 |8.0 X 108 |1.8 X 107 | 1.2 xX 10?|4.0 X 101) 2.0 X 10! 


* 1.0 mg. of ammonium sulfate saturated culture-filtrate precipitate per 1.0 ml. of serum. 
+ Plate counts per 1.0 ml. serum. 
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TABLE 12 
GROWTH OF WEAKLY COAGULASE-POSITIVE AND COAGULASE-NEGATIVE STRAINS 
or Micrococcus PYOGENES IN NoRMAL HuMAN SERUM TREATED 
witH A WEAKLY-ACTIVE COAGULASE PREPARATION 


Weakly coagulase-positive | Coagulase-negative strain in Coagulase-negative 


Time (hrs.) strain in treated serum* treated serum | strain in untreated serum 
0 Ona e102; ipo elO2 | DAL Se Oe 
10 AVS, De AKO)? RAVE WOK | S20 elOz 
24 330 510" | 320 < 107 | 350 10% 


* Serum treated with a weakly active coagulase preparation. 
7 Plate counts per 1.0 ml]. serum. bs 


imum amount of active coagulase is necessary to reverse the antistaphylococcal 
activity of serum. 


Further Study of the Protective Material 


Further fractionation of the saturated ammonium sulfate preparations from 
coagulase-positive resistant-strain filtrates was carried out. The crude prepa- 
ration was dissolved at a concentration of 1.0 per cent in distilled water, chilled 
to 0° C. in an ice bath, and solid ammonium sulfate calculated to raise the salt 
concentration to one third saturation added slowly with constant agitation. 
The resulting precipitate was separated in a refrigerated centrifuge and the 
supernatant fluid raised to two thirds saturation by the further addition of 
solid ammonium sulfate. The precipitates and the final supernatant were re- 
dissolved in distilled water, dialyzed free from salts and dried by lyophilization. 
Tubes containing 1.0 mg. of the dried fractions per ml. of serum were prepared. 
Susceptible strains of staphylococci were inoculated into the serum thus treated, 
and their growth followed over a 24-hour period. The fractions were also ti- 


TABLE 13 

GROWTH OF SERUM-SUSCEPTIBLE STRAINS OF MicrococcUs PYOGENES IN NORMAL 
HuMAN SERUM TREATED WITH AMMONIUM SULFATE FRACTIONS 

OF RESISTANT STRAINS OF THESE ORGANISMS 


| 
Coagulase titer 
Time Negative 1:160 | 1:5120 
(hrs.) ee =~ : z log _ 
(NH4)2SOx fract. 
Lg sat. 24 sat. full sat. 
Strain no, 1.* 0 7.0 X 102} liczexe 10? 6.5 X 10? 
24 20 XS LOS 2.4 X 10° Licey one LOE 
Strain no. 2. 0 6.4 X 10! 6.0 X 101 6.0 X 10! 
24 3.015% 703 8.0 X 10? 9.0 X 108 
Strain no. 3, 0 2.0 X 10? 1.9 X* 102 2.6 X 10? 
24 2.410? | 1.0 X 102 6.0 X 108 


* Strain no. 1 was a weakly coagulase iti %e th stil een i 
eat ‘ @ akly coagulase-positive strain, still susceptible to serum bacteriostasi v veak 
titered coagulase preparation is sufficient to induce it to grow. Sr nen eae 
+ Plate counts per 1.0 ml. serum. 
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TABLE 14 
Tue Errect or pH-Precipiratep ComMPOoNENTS UPON THE GROWTH OF 
SERUM-SUSCEPTIBLE STRAINS OF Micrococcus PYOGENES 
IN Normat Human SERUM 


| Time | = 
(hrs) | Control | pH 2.0 precipitate* pH 8.0 precipitate 
| I 
Strain no. 1. | 0 Sie) 102); 2.8 X 102 onl 
3. 24 A 1X 10? 
24 9.2 X 108 6.0 X 107 SOP ae 
Strain no. 2. 0 22 X 10? 2.0 X 10? 1.8 X 102 
24 23X13 8.5 X 10° Jo? S< MOP 
Strain no. 3. 0 4.0 X 102 4 2-X 10? 4.0 X 10? 
24 S20 2G 10? 720°< 108 OnOD<a02 


* Coagulase activity: pH 2.0 precipitate—1:1024 
pH 8.0 precipitate—1:8 
7 Plate counts per 1.0 ml. serum. 


tered for coagulase activity by dissolving each at a concentration of 1.0 mg. per 
ml., diluting serially, and adding an equal volume of human plasma diluted 1:5. 
The results of these experiments are shown in TABLE 13, where it can be seen 
that the protective activity of the fractions and the coagulase activity are 
closely associated. 

Precipitation of the crude saturated ammonium sulfate fraction from resist- 
ant-strain filtrate at various pH levels was also carried out. Two components 
separated out. One precipitated immediately at pH 2 and a second came down 
overnight in the cold at pH 8. The pH 2 component had strong coagulase 
activity, while the pH 8 component was lacking in this respect. Advantage 
was taken of this separation to test the neutralizing activity of these 2 compo- 
nents upon the antistaphylococcal substances of serum. 

Three serum-susceptible strains of staphylococci were inoculated into human 
serum that had been treated with 1 mg. of the pH 2 precipitating material per 
ml. of serum. Serum was similarly treated with the pH 8 precipitating com- 
ponent and inoculated with the same strains. The growth of the organisms 
was followed over the usual 24-hour period. The results of these experiments 
are presented in TABLE 14 where it can be seen that the antistaphylococcal neu- 
tralizing capacity again is allied with the coagulase activity. 


Discussion 


The investigation presented here was begun with the thought of developing 
a more direct and, therefore, more reliable test for the potential pathogenicity 
of staphylococci. By studying the mechanisms whereby certain strains of 
these organisms were inhibited in their growth in normal human serum while 
others grew luxuriently, it became evident that coagulase, ora substance closely 
associated with coagulase, was in some way involved in this differential growth. 
A close correlation was noted between coagulase production and the ability to 
grow well in undiluted normal human serum, On the basis of the absorption 
experiments and of other evidence not considered here, 1t was concluded that 
the antistaphylococcal serum factor was of a generalized nature, pessibly identi- 
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cal with the S-lysins of Pettersson (1924, 1926, 1928, 1936), and not specific in 
the immunological sense. It was postulated that coagulase functioned in some 
manner to protect those organisms that produced it against the antistaphylo- 
coccal activity of serum. To test this possibility, coagulase-negative or weakly 
coagulase-positive organisms that were susceptible to serum bacteriostasis were 
inoculated into serum to which had been added cell-free partially purified exog- 
enous coagulase. Under such conditions these organisms were able to grow. 

Further study of this protective capacity of coagulase strengthened our postu- 
lation. Other antigenic and metabolic constituents of the coagulase-positive, 
serum-resistant staphylococci, such as the Julianelle and Wieghard polysac- 
charides, a- and @-toxins, efc., when tested for their ability to neutralize the 
antistaphylococcal activity of serum were incapable of so doing. 

It must be made clear at this point that the coagulase preparations used in 
this study were not highly purified. In every case where we were successful 
in neutralizing the antistaphylococcal activity of human serum, however, the 
preparations from coagulase-positive serum-resistant organisms used to treat 
the serum had strong coagulase activity. Identically prepared fractions from 
coagulase-negative, serum-susceptible organisms were ineffective in neutralizing 
the serum factor. 

These findings should be further substantiated by the use of highly purified 
coagulase preparations and, also, by inhibition of coagulase with anticoagulase 
antisera or other specific inhibitors. If a much more extensive screening of 
strains of staphylococci isolated from a variety of sources bears out the findings 
reported here, the 7m vitro tests to determine the pofential pathogenicity of staph- 
ylococci might be further strengthened by determining their ability to grow in 
normal human serum. A certain level of coagulase production appears neces- 
sary for this growth. Weak coagulase producers are inhibited by serum and, 
although they are still considered pathogenic in the diagnostic laboratory, in 
fact they may be incapable of initiating an infection. 
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THE FORMATION OF EXTRACELLULAR ENZYMES 
BY STAPHYLOCOCCI 


By H. J. Rogers 
National Institute for Medical Research, Mill Hill, London, England 


This work was undertaken primarily to further our understanding of the 
mechanisms underlying the formation of extracellular enzymes. Since, it still 
seems possible however, that some or all of the extracellular entities produced 
by staphylococci may be related to the ability of the organisms to_harm the 
human host, it seems worth while to introduce, in this monograph, a few of the 
conclusions we have reached. 

The types of approach that should be kept in mind when reading this sum- 
mary of the work which is still in progress, are as follows: if the various active 
substances, such as coagulase, a-, 8-, and y-hemolysin, leukocidin, and hyaluron- 
idase, that have been described as occurring in filtrates from overnight broth 
cultures of staphylococci, are wholly extracellular, then the organism that gains 
access to the body, denuded of its growth medium, cannot usually rely upon their 
help to initiate infection. If, on the other hand, these active substances also 
remain associated with the cell as a kind of capsule, they are likely to be as 
important for initiating, as for maintaining or spreading the organisms from 
the site of entry. The speed at which these various active substances 
are formed and accumulate may also be of importance to the invading parasite. 
A substance is clearly likely to be of most help to the attack on the host if it is 
formed faster than drainage from the area can remove it, or other defense 
mechanisms neutralize it. It is important to know the extent to which a strain 
can mutate to produce variants with different capacities to form the various 
aggressive agents. Also, attention has been paid to factors that can be recog- 
nized and estimated by these in vitro effects on body constituents, but we have 
no idea as yet whether these factors constitute the whole or only a small fraction 
of the extracellular armory of the staphylococci. No complete answers to 
these problems are contained here, but some guiding indications may be found. 


Inhibition of the Formation of Extracellular Proteins 


Any treatment of microorganisms that will selectively prevent their produc- 
tion of some biologically active proteins without affecting the formation of 
others is likely to prove a valuable tool in investigating both the pathological 
significance and the mechanism of formation of the proteins. 

If staphylococci are coated with a layer of a highly negatively charged syn- 
thetic polymer, such as compound 53D, described by Rogers and Spensley! in 
1954, the formation of hyaluronidase and coagulase is almost completely in- 
hibited.’ The formation of a-lysin has also recently been shown to be inhibited. 
Growth, however, which involves the formation of many other proteins, pro- 
ceeds at an unchanged rate. The inhibition of formation of the extracellular 
substances remains high, of course, only providing a comparatively small 
amount of growth takes place, otherwise the amount of inhibitor per cell be- 


132 
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comes too small to be effective. All evidence points to the probability that 
these negatively-charged polymers, for which Spensley and I* have coined the 
term “macroanions,” cause a true inhibition of the formation of the enzymes 
and other active extracellular substances and do not simply prevent their escape 
from the cells. Since considerable evidence exists that the polymer does not 
get into the cell, this implies that some stage in the formation of the extracellu- 
lar substances takes place at or near the cell surface. 

Other evidence suggests that extracellular substances such as enzymes, tox- 
ins, and hemolysins may be first extruded as a capsule that dissolves from its 
outer edge into the medium. This suggestion is in agreement with findings for 
both hyaluronidase* formation by staphylococci and extracellular penicillinase 
formation by Bacillus cereus. The small amounts of these enzymes (the 6-pen- 
icillinase only) that stay associated with the cells during growth and that have 
the same properties as those found in high potency freely in the culture super- 
natant, are neutralizable by antisera or are inhibited by the macroanions when 
examined while still iz sifu. They must therefore be somewhere near or at the 
cell surface. The small amounts of hyaluronidase that are associated with the 
cells in this manner, as a capsule, can be detected only during rapid growth of 
the culture and disappear as the culture ages.* After 18 hours’ growth with 
aeration no enzyme can be detected at all on the cells despite very high concen- 
trations in the solution. Thus rapidly growing cells are likely to be surrounded 
by a capsule of hyaluronidase and possibly other extracellular substances, 
whereas cells that have ceased to multiply rapidly are not. 

Further examination of concentrated culture filtrates produced from media 
initially free of protein has been undertaken by the technique of paper electro- 
phoresis. This technique has shown that at least 4 proteins are present in the 
filtrates from strain 524 SC/55.° The nature of these proteins is unknown, 
although presumably one is hyaluronidase. Examination of filtrates produced 
by growing 53D-treated cells showed that 3 of 4 of these spots had disappeared. 
Parallel examination of the total amount of extracellular trichloroacetic acid- 
precipitable protein present in filtrates from treated and untreated cells showed 
that this protein, persistently produced by the treated cells, accounted for al- 
most 50 per cent of the protein formed by the control cells. Its nature is un- 
known but, since treatment of the cells by the macroanions 1s known to suppress 
formation of a-lysin, coagulase, and hyaluronidase, it is not likely to be 1 of 
these. Further examination of this material is being undertaken. 

In view of the effects of synthetic macroanions on the formation and action of 
enzymes, hemolysins and other active proteins, It 1s of some interest to speculate 
on the effects of natural macroanions such as chondroitin sulphate (the major 
constituent of the ground substance of cartilage), hyaluronic acid, heparin, and 
the nucleic acids. Some experiments suggest that these substances too can 
inhibit the formation of active proteins by staphylococci and also stop their 
action when formed. Thus if an organism finds itself within a region in oe 
body containing high concentrations of these substances it may well be “ é 
to form, for example, a-hemolysin, unless it can form Li oe i hota = 
sary to destroy the natural macroanions. Even if the hemolysin can 
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it may not be able to act. Further possibilities of modification of the action of 
the enzymes and hemolysins are illustrated by the reversal of macroanionic 
inhibition by basic proteins such as protamine, and even by small diamines. 
Taste 1 shows the inhibition of hyaluronidase by compound 53 and the reversal 
of this inhibition by protamine and a diamine. Thus the ability demonstrated 
in vitro to form an enzyme may only be part of the story since, in order to form 
active enzyme in vivo, other extracellular enzymes may be necessary to remove 
natural inhibitors such as macroanions, and the precise location of the organ- 
isms in the body may be as important as their enzyme-producing potentialities. 


The Rate of Formation of Hyaluronidase é 

Despite the long history of the study of substances such as coagulase, hya- 
luronidase, and the hemolysins, precise studies on the rate of accumulation of 
the substances in the region of an increasing population of cells are remarkably 
few. In establishing an infection, however, this aspect is at least as important 
as the final potency achieved in an overnight culture of the organisms. 

It was shown some time ago® that, in staphylococcal cultures growing in 
broth, the appearance of hyaluronidase first lags behind growth, but the en- 
zyme is then formed about twice as fast as the mass of cells increases. Coagu- 
lase is formed immediately,®: 7 but at a rate somewhat slower than that at which 
growth occurs. The formation of any substance by cells at a rate faster than 
that at which they are growing leads to the interesting metabolic situation in 
which an increasing part of the cell machinery must be devoted to this process 
as the number of cells increases. Sooner or later, if growth is to be continued 
long enough, the rate must slacken. Otherwise gross metabolic imbalance 
will occur in the cells. 


TABLE 1 


THE REVERSAL OF THE MACROANIONIC INHIBITION OF BOVINE TESTICULAR 
HYALURONIDASE BY PROTAMINE AND PENTADECAMETHYLENE-DIAMINE (P.D.D.). 


53D (ug/ml.)* Protamine (ug/ml.)* | P.D.D. (ug/ml.)* TRU/ml.+ % Inhibition 
| 
| 
0) 0 0 05 ae 
50 0) 0 0.37 64 
50 ~ 0 OES e 64 
50 : 50 0 0.85 19 
50 100 0 Lele 0 
0 50 0 120 Stimul 
0 100 0 LESY, seg 
0 0 0) 0.78 — 
50 0) 0 0.42 45 
50 0 30 0.58 26 
50 0) 50 0.68 13 
50 0 150 0.75 5 
0 | 0 100 0.79 0 


* Final concentration in enzyme assay. 


} Turbidity-reducing units of hyaluronidase in tk 
y-re 4 s yaluronidas ne procedure defined by Rogers and Spensley 1 
{ Apparent stimulation due to combination of protamine with hyetaeenn ia in the ee. ae 
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The effect of prolonged growth upon hyaluronidase formation by staphylo- 
cocci was tested by growing them in a chemostat. The chemostat’:% ! is a 
device whereby microorganisms can be allowed to multiply at any rate up to 
the maximum characteristic of the medium for as long as is desired, during 
which time the opacity and composition of the culture can be maintained 
constant. When the potency of extracellular hyaluronidase is measured in 
such a chemostat culture, in which the cells are multiplying at a rate near to 
the maximum for the medium, it is found to increase about sixfold to eightfold 
during the first few hours and then become constant for as long as the culture 
is grown (FIGURE 1). Calculation has shown that 11 generations must elapse 
between the inoculation of the culture with cells from an overnight culture 
that has been grown in the ordinary way in a shaken flask of broth, and 
the point at which the rate of hyaluronidase formation slackens and becomes 
equal to that of growth. In other words, it takes the cells 11 generations, or 
approximately a thousandfold increase in mass, to overcome the effects of being 
left in an overnight culture. Further, it has been shown that if these cells, 
which have been grown in a chemostat until the rates of growth and enzyme 
formation are equal, are reinoculated into fresh broth, the rates remain equal. 
If, however, the chemostat culture is put into a flask and shaken in the ordinary 
way in the incubator for 16 to 18 hours and then inoculated into fresh broth, 
the whole phenomenon of a lag in hyaluronidase formation followed by a phase 
of more rapid formation is again reproduced. Thus some change takes place 
inside the cells during overnight incubation that it takes them 11 generations to 
forget. This phenomenon has not yet been fully explained, but 3 facts have 
been discovered that probably have some connection with it: 

(1) Cells in an overnight culture accumulate some readily extractable sub- 
stance that, when added to chemostat-grown cells, makes them mimic part of 
the behavior of the overnight culture cells. 


@ 0c % 
+ GROWTH 
O ENZYME 


25 25 


igs 
E 20— 2:0 
=) i“ 
= : 
ey = 15 fe i) ) 
= _—— ot 
oe = ~ 
re) S a 
ax Fe 9 
oO ION ie} 
4 N ° 
— 
Oo hi 
< 
nt Os 
Ss 
° 50 100 150 200 250 300 350 400 450 500 
TIME (mins) 
Ficure 1. The course of production of hyaluronidase during growth of the organisms at a constant rate in 


t. . . . r,; 
a Seto —+—-+— represents the bacterial density in ug. bact. Ni 10 mtg - 
The line -O—O-— represents potency of extracellular hyaluronidase in / a PR ps en Reet 
The a represents ratio of hyaluronidase potency to bact. N/10 ml. ris curve is | f 


mically. 


136 Annals New York Academy of Sciences 


(2) The substance a-aminobutyric acid accumulates in 18-hour cells and is 
not present in cells from the chemostat. This substance, in low concentration, 
somewhat inhibits hyaluronidase formation. 

(3) Cells from an overnight culture contain a very low concentration of vita- 
min B; (thiamine). When placed in a fresh medium, the internal concentration 
rapidly increases to high levels. This occurs at very low culture densities and 
the external medium is left so deficient in vitamin B, that although reinoculation 
of overnight cells into a filtrate from such a young culture results in growth, 
very little hyaluronidase is formed. If such a culture filtrate is supplemented 
with 0.1 wg. ml. vitamin B,, the normal amount of hyaluronidase 1s formed. 
Thus 2 different internal cell concentrations of vitamin B, are apparently re- 
quired, a low one for growth and a much higher one for the formation of extra- 
cellular enzymes such as hyaluronidase. 

Further work will no doubt show the relative importance of these 3 facts in 
explaining the phenomenon of an enzyme that is formed at a faster rate than 
the rest of the bacterial protein. 


Variation in Cultures 


It is common experience that the enzyme or toxic potency of strains changes 
during subculture, and it has been known for many years that cultures with 
different potencies can be produced from single colonies selected and grown 
from the parent culture. No conclusive experiments appeared until compara- 
tively recently, however, that would allow us to decide the causes of this varia- 
tion in cultures. The variation could be due either to uncontrolled variation of 
the medium used for testing single colonies selected from plate growths of the 
parent culture, or to the presence of a number of variants within the parent 
culture, each with its own enzyme-producing capacity. Present trends in 
bacteriology have emphasized the importance of the latter possibility, but pre- 
cise proof is lacking, and studies of mutation of the type that would explain 
the formation of such clones with ability to produce different amounts of an 
enzyme or toxin are as yet comparatively rare,» :' even in species more 
amenable to genetic study. Accepting, however, the possibility of such mu- 
tants among bacteria, of a quantitative rather than a qualitative type, no evi- 
dence exists as to how many such variants or mutants are likely to establish 
themselves in a laboratory culture kept under the usual conditions. If, how- 
ever, such a culture is plated and a large number of the resulting colonies is 
picked into broth, then a histogram can be drawn plotting the number of cul- 
tures, against the potency of extracellular hyaluronidase. This should give an 
indication of the number of variants present. Such a method is exactly analo- 
gous to the biological procedure for recognising the number of varieties in a 
mixed population of similar animals by measuring some recognized dimension. 
If the parent culture contains a small number of variants, a series of peaks in 
the histogram would be expected to appear, with a gaussian distribution of 
enzyme potency about them. 

A culture of Staphylococcus aureus that had been isolated from a human in- 
fection by three successive single-colony selections and subsequently main- 
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tained for several months as a broth culture has been subjected to such exam- 
inations for hyaluronidase formation. Analysis of single-colony cultures from 
the original strain showed the presence of 4 distinct population types. The 
hyaluronidase potencies of the single-colony cultures that made up each popu- 
lation type had a gaussian distribution about the characteristic means of 20, 
70, 150, and 300 turbidity reducing units (TRU)/ml. for the 4 types respec- 
tively. Two pairs of cocci were isolated by micromanipulation from the popu- 
lation, having the mean of 300 TRU/ml. These cells were chosen from indi- 
vidual cultures giving potencies toward the ends of the distribution curve shown 
in FIGURE 2. The same type of population (that is, the type yielding single- 
colony cultures with a mean of 300 TRU/ ml.) was found to develop from both 
of these pairs of cells. A culture from the population has been maintained 
dried (Stamp") for some 4 years with intermittent growth and redrying. When 
grown under the same conditions as those used for the above selection, a potency 
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of 300 + 30 TRU/ml. is still obtained. The variants recognized in the original 
culture were all identical in characteristics other than hyaluronidase formation, 
including phage susceptibility. 

It accordingly seems likely that many cultures that have been allowed to 
grow under conditions such that the enzyme, toxin, or hemolysin under study 
provides the organism with no selective advantage or disadvantage, consist of 
a small number of variants of widely differing ability. In the event of the 
organism being placed under conditions where the active substance is of ad- 
vantage, the variant that either produces most of it or produces it at the most 
advantageous rate will be selected. : 

All the above observations tend to stress the importance of a more intense 
analytical approach to the problem of the relation of enzymes or toxins to the 
pathogenic process. The correlation or the absence of correlation between the 
potency of any substance X found in the supernatant from an overnight broth 
culture of the organisms and the pathogenic abilities of the strain may well be 
quite fortuitous. This, of course, leaves out of account the further probability 
that substances may be produced in vivo that never appear in broth cultures at 
all. 


References 


1. Rocers, H. J. & P. C. SpenstEy. 1954. Synthetic polyanionic inhibitors of hyaluroni- 
dase. Biochim. et biophys. Acta. 18: 293. 
Rocers, H. J. & P. C. Spenstey. 1955. »Selective inhibition of the liberation of extra- 
cellular enzymes and protein in cultures of Staphylococcus aureus. Biochem. J. 60: 635. 
SPENSLEY, P. C. & H. J. RoGErs. 1954. Enzyme inhibition. Nature. 173: 1190. 
Pottock, M.R. 1956. The cell-bound penicillinase of Staphylococcus aureus. J. Gen. 
Microbiol. In press. ; 
5. Rocrers, H. J. 1954. The rate of formation of hyaluronidase, coagulase and total extra- 
cellular protein by strains of Staphylococcus aureus. J. Gen. Microbiol. 10: 209. 
6. Rocers, H. J. 1953. Variant populations within a hyaluronidase-producing culture of 
Staphylococcus aureus. J. Pathol. Bacteriol. 66: 545. : 
7. Davies, G. E. 1951. Factors influencing the in vitre production of staphylococcal 
coagulase. 5: 687. ; 
8. Monon, J. 1950. The technique, theory and application of continuous culture. Ann. 
inst. Pasteur. 79: 890. 
9. Novick, A. & L. Szmarp. 1950. Description of the chemostat. Science. 112: 715. 
10. Novick, A. 1955. Growth of bacteria. Ann. Rev. Microbiol. 9: 97. 
11. Marxert, C.L. 1950. The effects of genetic changes on tyrosinase activity in Glomer- 
ella. Genetics. 35: 60. j j 
12. Markert, C. L. & R. D. Owen. 1954. Immunogenetic studies of Tyrosinase activity 
in Glomerella. Genetics. 39: 818. ; 
ily, Fox, A.S. 1954. Protein synthesis and genetics. Nature. 178: 350. 
14. ee, Lorp. 1947. The preservation of bacteria by drying. J. Gen. Microbiol. 1: 
Bil, oy a Sa 


THE CHEMISTRY OF STAPHYLOCOCCAL ENTEROTOXIN* 


By Merlin S. Bergdoll 


Food Research Institute, University of Chicago, Chicago, Ill. 


Staphylococcal enterotoxin is recognized as the most common cause of food 
poisoning in the United States. More recently this toxin has been implicated 
in gastrointestinal upsets in a few individuals who have received large doses of 
antibiotics.! 

A number of investigators have attempted to determine the chemical nature 
of enterotoxin, but for the most part these studies have been inconclusive. One 
of the difficulties encountered has been the lack of an adequate assay procedure. 
Intravenous and intraperitoneal injections into cats and kittens have been car- 
ried out by many investigators. Feeding of young monkeys (Macaca mulatta) 
has been used to a lesser extent because of the cost and upkeep of these animals. 
My colleagues and I have used the monkey in our work because we believe it to 
be the most reliable test animal for enterotoxin. 

Our assays for the presence of the toxin are made by feeding the samples in 
solution (usually 50 ml.) to young monkeys by stomach tube. The animals 
are observed for 5 hours after feeding, and vomiting is accepted as a positive 
reaction for enterotoxin. This method has been reviewed in detail.’ 

One of the purposes of our investigations was to develop a quantitative assay 
procedure for enterotoxin. To accomplish this, several approaches have been 
followed. One was a study of the chemistry of the toxin, and this report out- 
lines the advances in that field. In this connection, Levi, Matheson, 
and Thatcher’ recently reported that enterotoxin could be detected by infrared 
spectrophotometry. The intensity of the absorption in the 1100 to 1000 cm.“ 
region was higher in toxic than in nontoxic preparations. Further evidence 
is needed to prove that the absorption was due to enterotoxin. 

A second approach has been through mode-of-action studies. Sugiyama’ '’ 
has conducted numerous investigations in this area. 

A third approach has been through immunochemistry. Early studies indi- 
cated that a sensitive assay procedure might be developed by using the toxin- 
antibody reaction. The value of such a method may be limited somewhat by 
the discovery that enterotoxin produced by 1 strain of Staphylococcus may be 
antigenically different from that produced by another strain." ® Although an 
assay procedure utilizing immunochemistry has not been developed as yet, the 
technique of Oudin,®: 7 employing antigen-antibody reactions in agar, has been 
adapted for use in following the purification of the toxin." ie be brief, this tech- 
nique involves the layering of an agar column contaiiing antiserum with an 
antigen solution. Under favorable conditions a band of precipitate forms in 
the agar for each antigen-antibody system present. By the process of elimina- 
tion in 1 preparation, we tentatively identified 1 specific band as the entero- 
toxin-antienterotoxin precipitate. Definite proof awaits the completion of the 
immunization studies in which a serum with only antibodies to enterotoxin 1s 


obtained. 
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Our studies indicated that enterotoxin was produced in very small quantities 
in culture media. In order to accumulate sufficient enterotoxin for the com- 
pletion of the purification studies, pilot-plant production was undertaken. Sey- 
eral thousand gallons of broth medium were used for growing cultures to prepare 
a stock sample of partially purified enterotoxin. The methods of production 
of enterotoxin have been published elsewhere.” 

All methods commonly employed in the fractionation of proteins were appli- 
cable to the purification of enterotoxin.'° '' Several of these procedures were 
combined into a series of steps to concentrate the toxin produced in the pilot 
plant. This series of steps was: (1) precipitation at pH 3.5 with H3POs ; (2) 
filtration through Hyflo Super-Cel; (3) extraction of the precipitate with phos- 
phate buffer; (4) adsorption of the enterotoxin in 0.035 M, pH 6.2 phosphate 
buffer by alumina followed by elution with 0.2 M disodium phosphate; (5) pre- 
cipitation of the enterotoxin in the eluate from 40 per cent ethanol at pH 5.5 
and —7° C.; (6) dialysis; and (7) lyophilization. The yield of partially puri- 
fied enterotoxin was approximately 5 mg. of material per liter of bacterial fil- 
trate. 
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The above preparation was a mixture of water-soluble, heat-coagulable pro- 
teins of an estimated molecular weight of 15 to 25,000. The gel-diffusion tech- 
nique indicated the presence of at least 6 antigens. Electrophoresis separated 
the material into 2 fractions, 1 with an isoelectric point near pH 5.0 and the 
other with an isoelectric point near pH 8.5. The latter fraction contained most 
of the enterotoxin. Treatment with trypsin did not destroy the enterotoxin, 
but did slowly digest the other antigenic substances present. The preparation 
contained 15 per cent nitrogen, 18 per cent lysine, and an estimated 10 to 20 per 
cent enterotoxin. As little as 50 gamma of this material caused emesis in mon- 
keys. The presence of such biologically active substances as fibrinolysin, coag- 
ulase, apyrase, and a-lysin has been demonstrated." 8 ~~ This stock sample was 
used in subsequent experiments. 

Further purification of enterotoxin was accomplished piimarily with 2 pro- 
cedures, namely starch electrophoresis and ion-exchange chromatography. 
Electrophoresis with paper as the supporting medium has been used extensively 
for the separation of proteins. Our attempts to fractionate enterotoxin with 
this method were unsuccessful. More recently, Thatcher, Matheson, and 
Simon" have also attempted to use this method to fractionate enterotoxin, but 
their recovery of active toxin was unsatisfactory. 

Electrophoresis with starch as the supporting medium has become a valuable 
tool for the fractionation of protein mixtures in gram quantities. Partially 
purified enterotoxin can be separated into 2 fractions by this method (F1c- 
URE 1). A wide range of conditions has been used with little apparent change 
in the final results. The properties of the fractions are listed in TABLE 1. En- 
terotoxin was present as the major component in the fraction that moved to- 
ward the cathode. The usefulness of this method for the purification of the 
toxin has been limited because of the low recovery of active material. There 
was some indication that the toxin was being separated from a protective sub- 
stance(s) during the electrophoresis. 

Chromatography with the cation-exchange resin, Amberlite XE-64, 
(IRC-50), has been used to isolate a number of basic proteins. Partially puri- 


TABLE 1 
PROPERTIES OF FRACTIONS FROM STARCH ELECTROPHORESIS 
AND AMBERLITE NE-64 CHROMATOGRAPHY 
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fied enterotoxin has been separated into 5 fractions by this method (FIGURE 2). 
The properties of these fractions are listed in TABLE 1. Fractions B and C con- 
tained enterotoxin as the major component, while A and D contained the toxin 
in lesser proportions. Rechromatographing of A, B, and C indicated that 
these fractions were distinctly different. Use of the gel-diffusion comparator 
cell showed, however, that the enterotoxin in each of these fractions did react 
with the same antibody. Usually a considerable loss of activity occurred dur- 
ing the chromatographing. The loss in activity in both the electrophoresis and 
chromatographic procedures has delayed the isolation of pure toxin until the 
nature of the inactivation can be determined and counteractive measures can 
be devised. ‘ 
Sufficient information has accumulated to indicate that enterotoxin has the 
following properties: (1) it is a water soluble protein of a molecular weight of 


\ 


15-25,000; (2) it has an isoelectric point of near pH 8.5; (3) it is antigenic; (4) 
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it contains a high percentage of lysine; and (5) it is trypsin resistant. Although 
none of these properties lend themselves to the development of an assay pro- 
cedure, some distinguishing characteristics of the enterotoxin molecule may be 
found by the chemical studies now in progress. 


. SURGALLA, M. J. 
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Part III. Immunity, Epidemiology, and Antimicrobial Resistance 
THE ROLE OF COAGULASE IN STAPHYLOCOCCAL INFECTIONS* 


By Charles H. Rammelkamp, Jr., and Joseph L. Lebovitz 


Departments of Preventive Medicine and Medicine, School of Medicine, 
Western Reserve University, Cleveland, Ohio; and the 
Cleveland City Hos pital, Cleveland, Ohio 


The characteristic and intriguing feature of staphylococcal infections is the 
focal abscess. It has been suggested that the extracellular product, .coagulase, 
is the factor produced by the Staphylococcus that is responsible for the localiza- 
tion of the bacteria within the inflammatory process. The laying down of a 
fibrin barrier that protects the Staphylococcus from the cellular defense mech- 
anisms and allows multiplication of the bacteria in the inflamed tissues is an 
attractive hypothesis. Although most strains of staphylococci isolated from 
the focal abscess produce coagulase, it was not until 1947 that evidence was 
obtained that implicated the coagulase mechanism in the evolution of the ab- 
scess. Smith, Hale, and Smith! were able to demonstrate that phagocytosis of 
various strains of staphylococci was inhibited by the coagulase system. Ofeven 
greater importance were their observations on artificial infections in the sub- 
cutaneous tissues of guinea pigs. The infections were produced by a strain of 
Staphylococcus that was coagulase-positive when tested in human plasma, but 
was coagulase-negative against guinea pig plasma. Following subcutaneous 
inoculation of this organism an inflammatory response was observed that 
subsided within a few days without the development of abscesses. If human 
plasma was injected, however, and then a broth culture of Staphylococcus was 
introduced into the same site, multiple abscesses developed. 

Because these studies suggested that a functioning coagulase mechanism was 
important in the evolution of the staphylococcal abscess, a series of investiga- 
tions in animals and man was undertaken in our laboratories. The effect of 
anticoagulase and reacting factor on the development of staphylococcal ab- 
scesses was studied, since the coagulase reaction with fibrinogen is altered by 
the concentration of these 2 substances in the system. The monkey 
was selected as the ideal experimental animal for the study of the role of anti- 
coagulase. The injection of coagulase-positive staphylococci into the sub- 
cutaneous tissues of monkeys usually produces an abscess and, following recov- 
ery, type-specific anticoagulase can be demonstrated in the serum.2 

An example of the clinical and immunological response to staphylococcal 
infection is shown in FIGURE 1. Broth cultures of staphylococci producing 
coagulase of types I and II were injected subcutaneously2 At the time of 
inoculation the monkey showed antibodies to coagulase I, but not to coagu- 
lase II. The inflammatory response to the 2 infections was different. A large 
draining boil was produced by type II organisms in contrast to the small ab- 
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Ficure 1. Serological and clinical response of a monkey to injection of cultures of Staphylococcus aureus. 


scess that developed at the site of injection of type I staphylococci. Subse- 
quently, the injection of increased numbers of type II staphylococci produced 
large draining abscess but, again, the response to type I organisms was min- 
imal. Type-specific anticoagulase developed to each organism. In other 
experiments monkeys were immunized with cell-free coagulase prior to infec- 
tion but, in spite of the presence of high titers of antibody, it was not possble 
to prevent abscesses in every instance. These studies were discontinued be- 
cause of the varying clinical response to infection in normal animals and the 
lack of complete protection against abscess formation in animals showing high 
titers of anticoagulase. 

In the preliminary studies on the role of reacting factor in staphylococcal 
infections, the chicken, duck, and goose were selected as experimental animals. 
The serum from these birds contains little or no reacting factor, and no abscess 
develops following the injection of coagulase-positive strains. The injection 
of reacting factor in the form of human serum failed to alter the inflammatory 
response to infection. In these studies, however, the serum was not injected 
into the site of infection. This model was abandoned when it was observed 
that the growth of coagulase-positive staphylococci im vitro was inhibited by 
chicken, duck, and goose blood. This inhibitory effect could be demonstrated 
in systems that excluded participation of cellular elements. Thus, the failure 
to produce an abscess or, indeed, even severe inflammatory reactions in these 
birds may be due to the natural inhibitory properties of the serum and not to 
some defect in the coagulase-reacting-factor mechanism. 
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An indirect approach to the study of the role of the coagulase-reacting-factor 
mechanism in abscess formation was afforded by the vagaries of these infections 
in man. It is our impression that the staphylococci usually do not cause an 
abscess in the infant. Rather, the inflammatory reaction tends to be diffuse 
and might be compared to the infection observed by Smith, Hale, and Smith! 
in guinea pigs. In the young child, abscesses are not common, but it is in this 
age group that bacteremia and infection of the bone develops. In the adult, 
boils and multiple abscesses are common, but osteomyelitis and bacteremia are 
rare. The explanation for these different patterns of illness in the child and in 
the adult is not known but, presumably, in some manner age may alter the 
ability of the individual to localize the infectious process. : 

If the coagulase-reacting-factor reaction is responsible for the development 
of abscesses in the adult, it is possible that some defect is present in the infant 
or in the child who develops osteomyelitis so that a fibrin barrier is not deposited 
around the bacteria. Theoretically, the absence or decrease in the amount of 
reacting factor or the presence of specific or nonspecific inhibitors might explain 
the lack of abscess formation in the child. In the present study a method was 
devised to measure the reacting factor content of blood. The results obtained 
in a survey of normal individuals are presented because they show certain varia- 
tions that may be related to the type of illness observed in the young child as 
compared to the adult. 


Methods 


Coagulase. A strain (No. 58) of Staphylococcus aureus, which produces a 
coagulase of type III, was selected for these studies.2, The coagulase produced 
by this strain is potent, and few human sera exhibit specific inhibitors to it. 
Approximately 0.2 ml. of an overnight tryptose broth culture of strain 58 was 
inoculated into 500 ml. of tryptose broth containing 5 per cent bovine albumin.* 
Albumin was used in the medium because it enables coagulase to pass a Seitz 
filter and, unlike plasma, it contains little or no reacting factor. After 3 days 
incubation at 37° C. the staphylococcal cells were sedimented by centrifugation, 
and the supernatant was passed through a Seitz filter. The first 50 ml. were 
discarded, and the remaining amount was stored in sealed ampules or flasks at 
either —4° C. or 4° C. 

Buffered saline. A solution of 0.01 M phosphate in 0.85 per cent sodium 
chloride at a pH of 7.4 was employed. 

Reacting factor. A standard preparation of reacting factor in the form of 

serum from 1 individual was used for the standardization of coagulase. Pre- 
vious studies have indicated that this reacting factor was stable when stored at 
4° C. for a period of at least 1 year.’ 
Fibrinogen. A solution of bovine fibrinogen* (fraction I) containing 100 mg. 
in 63 ml. of buffered saline was placed in a water bath at 37° C. for 30 minutes. 
One mi. of buffered saline containing 0.1 mg. of heparin was then added to the 
fibrinogen solution to prevent clotting caused by an occasional serum specimen. 
This preparation of fibrinogen was used within a period of 4 hours. 


* Armour and Company, Chicago, Ill. 
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TABLE 1 
REACTING-FACTOR CONCENTRATION OF 4 CONTROL SERA 
AS DETERMINED ON DIFFERENT Days 


| Units of reacting factor 


Date 
| Serum A Serum B Serum C Serum D 
11/17/48 | 3200 1200 1600 3200 
11/18/48 3200 1200 1600 3200 
1 1/ 19/48 3200 800 1600 2400 
11/20/48 3200 1200 1600 3200 
12/ 2/48 3200 800 | 1600 2400 
12/ 6/48 3200 800 | 1600 3200 
3/19/49 2400 800 1600 — 


Standardization of coagulase. A preliminary test to determine the activity 
of the cell-free coagulase was performed by making serial twofold dilutions in 
1.0 ml. of tryptose broth. To each tube was added 1.0 ml. of the fibrinogen 
solution containing a 1:3500 dilution of the standard reacting factor. This 
concentration of reacting factor was arbitrarily designated as 1 unit. The 
tubes were incubated for 3 hours at 37° C. in a water bath. The highest dilu- 
tion of coagulase that produced a visible shred was then used for the final titra- 
tion. In a duplicate series of 8 tubes, 0.1 ml. decrements of coagulase were 
added, and the volume in each tube was adjusted to 1.0 ml. with tryptose broth. 
One ml. of the fibrinogen solution containing 1 unit of reacting factor was added. 
After incubation for 3 hours at 37° C. in the water bath, the tubes were read 
with the aid of a hand lens. A unit of coagulase was defined as the smallest 
amount that produced visible shreds of fibrin under these standard conditions. 

Measurement of reacting factor. "The reacting factor of an unknown serum or 
plasma was measured by its ability to react with 1 unit of coagulase under stand- 


TABLE 2 


REACTING-FACTOR CONTENT OF SERA FROM NORMAL 
SuBJECTS ACCORDING TO AGE 


Age of normal subjects 


Units reacting factor - 


< 2 years | 2-15 years >15 years 
100 Z 2 
200 2 2 
300 a 0 
400 4 4 1 
600 2 1 
800 3 4 1 
1200 2 6 a 
1600 Z 27 ) 
2400 10 1 3 
3200 1 20 Z 
4800 ; i 
6400 | - 
TNefea leno ee ee 27 | 89 62 
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TABLE 3 


REACTING-FactorR CONTENT OF SEVERAL SERUM SPECIMENS 
OBTAINED FROM THE SAME INDIVIDUAL 


Subject Age Date gr ieee or: 
mos 
Fi5 15 7/22/47 300 
24 7/26/48 600 
29 9/13/48 1600 
35 3/21/49 1600 
yrs 3 
F31 32 7/25/47 3200 
4/28/49 3200 
F161 43 1/10/48 6400 
5/14/49 6400 
EBs 42 7/ 1/48 2400 
7/14/48 2400 
| 7/27/48 | 3200 


ard conditions. A 1:100 dilution of the unknown serum or plasma was pre- 
pared by adding 0.1 ml. of the specimen to 10 ml. of the standard fibrinogen 
solution containing heparin. Serial twofold dilutions in 1 ml. of standard fi- 
brinogen solution were then made in 2 series of 7 tubes. The initial dilution in 
the first tube in 1 series was 1:100, in the second series 1:300. One ml. of the 
coagulase preparation in tryptose broth containing 1 unit was then added to 


TABLE 4 


REACTING-FACTOR CONTENT OF SERUM FROM PATIENTS 
WITH PRIMARY ATYPICAL PNEUMONIA 


Patient Day of disease apne ree ags- | Cold agg. titer* Renctag Ste 
2776 6 100 
13 640 256 1200 
20 320 128 1600 
38 320 0 3200 
3412. 2 0 | 16 800 
7 0 32 1200 
14 0) 128 1600 
21 0) 0) 3200 

2462 5 0 0 400 - 
i? 0 128 600 
19 0 256 2400 

2302 6 0 0 ; 300 

13 20 128 400 
ot 20 64 1600 


a Reelat ee Foi Gaon ers panes Re Bis 2 ae ares eee ne ag = 
ggtutinins for Streplococcus MG (a strain originally isolated at the Rockefel S ic 
search, New York, N. Y.) and cold hemagglutinins. " ee 
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each tube with an automatic pipette. After incubation for 3 hours at 37° C. in 
the water bath the tubes were read with the aid of a hand lens. The highest 
dilution of serum or plasma that resulted in the formation of visible shreds was 
defined as 1 unit of reacting factor. 

One or more control sera of known reacting-factor concentration were in- 
cluded in each titration. The concentration of reacting factor in 4 such con- 
trols is recorded in TABLE 1. It is apparent that the measurement of reacting 
factor on different days was accurate, and that in no instance was a twofold 
variation in reacting-factor content observed. 


Results 


The sera collected from normal adults usually showed high concentrations 
of coagulase reacting factor (TABLE 2). In 93 per cent of the specimens ex- 
amined the sera contained at least 1600 units. In the child the concentration 
of reacting factor was less. In this age group, 78 per cent showed concentra- 
tions of at least 1600 units, while several individuals exhibited little reacting 
factor. The infant under 2 years of age usually showed small amounts of re- 
acting factor. In approximately half of the specimens obtained from infants 
there were less than 400 units, and only 3 individuals exhibited concentrations 
of 1600 units or greater. 

That the reacting-factor content increased with age is also shown in TABLE 3. 
In the infant the reacting factor increased from 300 units to 1600 units over a 
period of 20 months. In adults the content of reacting factor in the serum 


TABLE 5 


REACTING-FACTOR CONCENTRATION OF SERUM FROM PATIENTS 
witH INFECTIOUS HEPATITIS AND LEPTOSPIROSIS 


Patient Day of disease Reacting factor, unit 
TM* 12 300 
15 800 
23 3200 
ag 1600 
36 4800 
* 9 406 
ae 17 100 
Oil 600 
c# | 8 . <100 
es Bl <100 
19 <100 
28 2400 
34 3200 

| ‘ 

14 100 
jut 23 <100 
30 <100 
51 3200 
64 3200 


* Infectious hepatitis. : : 
+ Leptospirosis (sera obtained from Paul Beeson). 
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appeared to be relatively constant, being altered only during certain disease 
states. For example, TABLE 4 shows the changes in reacting factor observed in 
patients with primary atypical pneumonia. Similar depressions in reacting 
factor were regularly observed in patients with infectious hepatitis and Weil’s 
disease (TABLE 5). 


Discussion 


Inhibitors to coagulase and to reacting factor may interfere with the measure- 
ment of reacting factor. The coagulase inhibitors, anticoagulases, are type- 
specific? and therefore a coagulase type against which few sera exhibit anti- 
bodies should be selected for the determination of reacting factor in specimens 
obtained from man. The presence of specific anticoagulase in the serum spec- 
imen may be detected by noting the absence or paucity of clot formation in 
the low dilutions in the reacting-factor test. In addition, the anticoagulase 
titer of the serum may be measured after removal of the reacting factor by a 
method described previously.’ 

Tager and Hales‘ have indicated that in certain specimens of plasma the co- 
agulase reacting factor may be bound or inhibited by other substances in the 
tissues. They showed that acid precipitation apparently released the reacting 
substance in the few samples of chicken and guinea pig plasma tested. The 
role of such inhibitors in the sera was not determined in the present study. 

In this investigation the reacting-factor content of sera from adults was usu- 
ally above 1600 units. In children it was not unusual to observe low concen- 
trations and, in the infant, small amounts were the rule. The concentration of 
reacting factor increased with age and was relatively constant in the individual 
adult. Occasionally during the course of certain infectious processes a tem- 
porary suppression of reacting factor was observed. Since these studies showed 
some relationship between the concentration of reacting factor and the nature 
of the staphylococcal infection observed among individuals of various 
age groups, it seemed possible that the coagulase-reacting-factor system may 
play a role in the localization of these infections in man. In this regard, it 
would be important to ascertain the concentration of reacting factor and specific 
anticoagulase in children exhibiting various forms of staphylococcal infections. 
Until this is accomplished it is difficult to define the exact role of coagulase in 
staphylococcal infections in man. 

Since these studies were completed, Tager and Lodge® and Duthie and 
Lorenz’ have shown that the reacting-factor content of serum is lower than 
that observed in plasma. Reacting factor is consumed during the clotting 
process so that the amount of reacting factor found in serum may reflect altera- 
tions in prothrombin conversion. Thus, the small quantities of reacting factor 
observed in sera from infants and children and in sera from patients with atyp- 
ical pneumonia, infectious hepatitis, and leptospirosis cannot be interpreted as 
absolute deficiencies. Further studies of the reacting factor in plasma are re- 
quired. It appears possible, however, that such investigations might prove 
profitable since Miale’ has recorded that the plasma obtained from patients 
with infectious hepatitis contains only small amounts of reacting factor, 
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EPIDEMIOLOGICAL IMPLICATIONS OF STAPHYLOCOCCAL 
PHAGE TYPING 


By John E. Blair 
Laboratory Division, Hospital for Joint Diseases, New York, VG Yes 


Staphylococci are constantly present in man’s environment and, under nor- 
mal conditions, are carried in the nose or throat of well over one half of all indi- 
viduals. This fact suggests the apparent ease with which staphylococci can be 
disseminated and, of more importance, that attempts to determine the source 
or to trace the spread of staphylococcal infections sometimes can be confused 
by the presence of strains that may have no epidemiological relation to the 
problem under investigation. In searching for the source of a staphylococcal 
infection, therefore, it is not enough simply to demonstrate that staphylococci 
are present, for example, in the nasopharynx or on the skin of either the patient 
or his contacts, or that staphylococci are present in the environment. It would 
be much more significant to show that strains identical with the specific strain 
responsible for the infection are present in cultures from these general sources 
with at least a fair degree of consistency. 

Epidemiological investigations of staphylococcal infections have been ham- 
pered seriously in the past by the lack of a suitable method of demonstrating 
the identity or nonidentity of individual cultures. While certain biological 
characteristics of the staphylococci are useful for identification of the species, 
they are not particularly helpful when one is faced with the problem of deciding 
which of several cultures from related sources are identical and which are differ- 
ent. 

The problem of differentiation of cultures of staphylococci has been aided 
and clarified by bacteriophage typing. The particular value of phage typing 
lies in its ability to demonstrate the identity or nonidentity of sets of cultures. 
This can be done with a reasonable degree of accuracy. The significance of the 
results obtained by phage typing is enhanced by the fact that both the specific 
action of the phages and the patterns of susceptibility of cultures to the phages 
are relatively stable properties. 

Space does not permit a detailed review of the many practical applications 
of staphylococcal phage typing that have been reported in the literature. In- 
stead, it is the purpose of this article to discuss briefly the incidence and dis- 
tribution of phage types of staphylococci. While much remains to be learned 
through the further application of this relatively new procedure, the informa- 
tion that has been gathered has already thrown light on some problems relating 
to the epidemiology of staphylococcal infections. These studies assume an 
added significance when the phage typing of cultures of staphylococci is com- 
bined with the determination of their sensitivity or resistance to the antibiotics. 

Reference should be made to the “basic”? phages that are recommended at 
present for routine typing by the Subcommittee on Bacteriophage Typing of 
Staphylococci, of the International Committee on Bacteriological Nomencla- 
ture, London, England. The basic series is composed of 19 phages that are 
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divided into 4 Groups, as follows: Group I, phages 29, 52, 52A, and 79; Group 
II, phages 3A, 3B, 3C, and 55; Group IIT, phages 6, 7, 42E, 47, 53, 54, 70, 73, 
75, and 77; and Group IV, phage 42D. This grouping is now recognized by 
most workers in the field. Essentially it follows the scheme that has been em- 
ployed by Williams and his associates! in the Staphylococcal Reference Lab- 
oratory of the Public Health Laboratory Service in London, England. The 
Committee suggests that, in addition to the basic series, other phages may be 
employed when the investigator feels that they will provide useful additional 
information. Accordingly, by way of illustration, the author currently is using 
5 additional phages: 39 and 523 in Group II, 42B and VA4 in Group III, and 
444, the last being presently assigned to a miscellaneous group, unrelated to 
the 4 broad groups described above. These 5 phages also were used in work 
previously reported by Blair and Carr. 

The techniques of phage typing of staphylococci have been described in de- 
tail by Williams and Rippon,’ Blair and Carr,’ and Jackson, Dowling, and Lep- 
per.* Cultures are assigned to a broad phage group on the basis of their lysis 
by 1 or more of the phages that identify that group. While some cultures are 
lysed specifically by a single phage, it often is found that lysis is produced by 2 
or more phages within a broad group to give so-called “‘patterns of lysis.”’ Iden- 
tical strains of staphylococci show identical or closely similar patterns, while 
differences between cultures are shown by differences in their patterns of lysis. 
Phage typing thus indicates the broad group to which a culture belongs, while 
fine distinctions within the groups are based upon the patterns observed. It is 
in the ability to differentiate individual cultures within a broad group that 
phage typing has a significant epidemiological application. 

There is a considerable degree of group specificity. Cultures that are lysed 
by the phages of Group II, for example, are not susceptible to lysis by the phages 
that identify the other broad groups, and so on. Occasional strains are en- 
countered, however, that are lysed by phages of Groups I and III. These 
seem to occupy an intermediate position that has not yet been exactly defined. 

It must be pointed out that susceptibility to the typing phages is a charac- 
teristic of the coagulase-positive, that is, potentially pathogenic, staphylococci. 
Coagulase-negative typable strains are extremely rare, if, indeed, they exist at 
all. A certain proportion of coagulase-positive cultures are not susceptible to 
the typing phages. This proportion may be as high as 30 per cent in a large 
series of antibiotic-sensitive cultures, but often is as low as 10 per cent or less 
when antibiotic-resistant strains are subjected to phage typing. The great 
majority of typable cultures belong to Groups I, II, or HI. Strains of Group 
IV appear to be generally less common and, as mentioned above, occasional 
cultures are found to be lysed by phages of both Groups I and III. 

The incidence of staphylococci of the several phage groups shows a rather 
distinct difference when cultures that are isolated in hospitals are compared 
with those that are obtained from the general population. Staphylococci that 
are present in cultures taken on admission to the hospital, eit her from the nose 
and throat of the patients or from primary infections acquired outside of the 
hospital, may be regarded as indicative of the strains that exist among the 
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general population. Jackson, Dowling, and Lepper® found a close similarity 
between the staphylococci in 153 cultures of the noses or throats of patients, 
taken on admission, and those of their household contacts. Staphylococci 
isolated from both the patients and their family contacts were distributed 
through all the broad phage groups and were represented in each group in 
comparable proportions. The patterns of lysis exhibited by these cultures 
were varied. Five patterns were found in Group I, although 90 per cent of 
the cultures were lysed specifically by phage 52; 6 patterns occurred in Group 
II, 59 per cent of the cultures being lysed by phage 3C; and as many as 49 
patterns were observed in Group III, 2 patterns being especially characteris- 
tic of, cultures from the throat. . 

Williams, Rippon, and Dowsett,! in England, found that staphylococci in 
cultures of the noses of healthy individuals were most commonly of Group I. 
Although Rountree,® in Australia, found a fairly large proportion of cultures 
from this source in Group I, a higher proportion belonged to Group III, an 
observation that was also made by Jackson and his associates.° The difference 
between the English and the Australian and American observations could well 
be due to differences in the populations examined. ‘The results of Jackson and 
his associates substantially confirm those reported by Williams and his asso- 
clates, however, for Group I strains were found to occur in significant numbers 
in the respiratory tract more often than would be expected from random dis- 
tribution. 

In a study of all consecutive cultures of coagulase-positive staphylococci 
isolated in the diagnostic laboratory during the past year, the author has found 
a similar distribution of staphylococci in admission cultures through all phage 
groups, as well as a variety of phage patterns within each group. In this study, 
approximately 63 per cent of the admission cultures were sensitive to the anti- 
biotics. The variety and distribution of phage types found among the general 
population does not appear to have changed materially during the past 10 or 
15 years. A variety of phage patterns was found by Knight and Holzer’ in a 
series of 55 cultures of Staphylococcus aureus that had been collected by the 
late Ward J. MacNeal between 1932 and 1948. Of these cultures, 88 per cent 
were sensitive to penicillin. A comparable distribution and variety of phage 
patterns was exhibited by 66 cultures of coagulase-positive staphylococci that 
were isolated by the author during the “preantibiotic” days and had been pre- 
served for study. The varied phage patterns that occur in admission cultures, 
especially among the antibiotic-sensitive strains, suggest that a rather hetero- 
geneous collection of staphylococci exists in the general population. 

The picture is somewhat different when phage typing is applied to coagulase- 
positive Staphylococcus aureus isolated from patients who have been in the 
hospital for a week or more, or from members of the hospital personnel. In the 
first place, the majority of strains isolated from these sources are resistant to 
dor more of the antibiotics. The high incidence of antibiotic-resistant staph- 
ylococei now being encountered in hospitals is common experience. This find- 
ie bamineen documented in numerous reports and needs no detailed discussion 
eres 
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Of considerable significance is the fact that the great majority of antibiotic- 
resistant staphylococci isolated in hospitals belong to phage Group III. This 
has been an almost universal observation wherever phage typing has been ap- 
plied to studies of the incidence of staphylococci2: *®7® Next in order of 
frequency are antibiotic-resistant staphylococci of Group I.67 Under special 
conditions, resistant strains of this group have been found to predominate in 
cultures isolated in a hospital ward or nursery." !6 Antibiotic-resistant strains 
of Group IT are rare. The author has not encountered a Group II antibiotic- 
resistant strain in several hundred cultures isolated in the diagnostic laboratory 
of the Hospital for Joint Diseases, New York, N. Y., but he did have the oppor- 
tunity to examine 1 such strain that was carried by 5 individuals in a hospital 
in another city. Group II strains of staphylococci that were resistant to strep- 
tomycin were present in 1.5 per cent of 516 cultures isolated in a hospital by 
Knight and Holzer... Among 1192 penicillin-resistant cultures from varied 
pathological conditions that were examined by Rountree,® the incidence ranged 
from 0 to 3.4 per cent, and was only 0.5 per cent in 273 strains isolated from the 
noses of members of the hospital staff. Barber and her associates"” reported an 
incidence of 3.3 per cent of Group II strains in a series of 240 penicillin-resistant 
cultures. 

When strains of coagulase-positive staphylococci carried by the patients and 
the hospital personnel are compared, the distribution and incidence of the phage 
groups often is found to be parallel. Jackson and his co-workers® found an 
incidence of 16.4 per cent of Group I strains in the noses and throats of patients, 
and of 9.8 per cent in the personnel. In Group II the incidence was 3.5 and 
2.8 per cent, respectively, and in Group III, 46.5 and 55 per cent. Strains 
lysed by phages of both Groups I and III represented 20.6 per cent of the cul- 
tures from patients and 19.7 per cent of cultures from the personnel, while the 
incidence of cultures from patients and personnel that were lysed by phages of 
Group III and some miscellaneous phages was 9.5 and 11.3 per cent, respec- 
tively. Wise, Cranny, and Spink® reported that the incidence of Group I 
strains among the patients was 1 per cent, and in the staff, 7.3 per cent; of Group 
II, 2 and 8.7 per cent, respectively; and of Group III, 56.2 and 52.9 per cent. 

It is sometimes possible to demonstrate that a strain of a specific phage pat- 
tern predominates in cultures from lesions, carriers, and the hospital environ- 
ment. For example, Barber, Hayhoe, and Whitehead" found that 57 per cent 
of the nurses in a maternity unit were carriers of staphylococci of phage type 
52A, while 58 per cent of all staphylococcal infections occurring in the newborn 
infants in that unit were due to staphylococci of the same phage type. Of these 
infections, 80 per cent were caused by antibiotic-resistant eivaine. Colbeck” 
reported that, coincident with an explosive outbreak of neonatal infections and 
breast abscesses in a hospital, the carrier rate of staphylococel ofa specific phage 
type in the babies rose sharply from 22 to 58 per cent. The same strain was 
responsible for 74 per cent of the infections in babies and for 96 per cent of the 
breast abscesses that occurred among the mothers. Cultures of staphylococci 
that were isolated by Felsen and his associates'® during an episode of staph- 
ylococcal infections in newborn babies were phage-typed in the author’s labora- 
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tory. Approximately 60 per cent were found to be of phage type 52A2 These 
included strains of Staphylococcus aureus isolated from the lesions, from the 
noses of babies and nurses, from a crib in the nursery, and from a sample of 
baby oil. : : ; 

Even in the absence of any unusual number of staphylococcal infections in 
the nursery, Barber and her associates” found that staphylococci of phage type 
52A were more numerous than any other type, being harbored by 37 and 34 per 
cent, respectively, of the nurses and babies who were carriers of staphylococci. 
The same strain was also isolated on occasion from the gowns of nurses who were 
working in the nursery. Rountree and Barbour’ reported that strains of iden- 
tical phage types were carried by the babies and nurses, and were also present 
in the air of the nursery. 

It has been the author’s experience, particularly during the past 3 years, that 
a large proportion of the Group III strains that have been isolated in the diag- 
nostic laboratory have been resistant to both penicillin and the tetracyclines, 
and have been represented by about 3 recurring phage patterns, with some 
minor variations. This would appear to suggest that a limited number of 
strains have become established in this hospital community. 

There is a direct relationship between the carriage of antibiotic-resistant 
staphylococci and the length of stay in the hospital environment. Barber, 
Hayhoe, and Whitehead" found that less than one fifth of the nurses harbored 
penicillin-resistant staphylococci upon their arrival, but that the carrier rate of 
those who had worked in the hospital for 3 months or more was 66 per cent. 
Barber and Whitehead!® reported that only 18 per cent of the patients harbored 
penicillin-resistant staphylococci during the first week or less of their hospitali- 
zation while, among those who had been in the hospital for 2 weeks or more, 
the incidence of carriers of resistant strains was 55.5 per cent. Similarly, Bar- 
ber and her associates” reported that among mothers in a maternity unit the 
proportion of carriers of penicillin-resistant staphylococci increased from 10 
to 58 per cent during their 10-day stay in the hospital. This was paralleled by 
a rise from 6 to 35 per cent of carriers who harbored the predominating strain 
of phage type 52A. 

It is of interest that both Colbeck'® and Jackson and his associates*: 2° have 
noted that upon the return home of a patient who had acquired a staphylococcal 
infection in the hospital, the strain of a given phage type was transferred to 
other members of the household and sometimes was responsible for infections 
among the family contacts. 

While the preponderance of antibiotic-resistant staphylococci in cultures 
from hospital sources indicates their wide distribution in this environment, the 
evidence supplied by phage typing suggests that not only have resistant strains 
become established in hospitals, but these strains probably are limited to a rela- 
tively few phage types. With the gradual elimination of antibiotic-sensitive 
strains there is set up in the hospital a reservoir composed of resistant strains 
that are transferred from person to person, are present in the environment, and 
represent an ever-present potential source of cross-infection. 

There is little doubt that staphylococci sometimes can acquire resistance to 
certain antibiotics during the course of antibiotic therapy. Thus, Rountree 
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and Thomson reported conversion to streptomycin-resistance during treat- 
ment with that antibiotic in 6 instances. Wise, Cranny, and Spink® observed 
the development of resistance to erythromycin in 3 patients, and very recently 
we have noted the development of resistance to the tetracyclines in cultures 
from a patient who had received terramycin for a period of 3 weeks. In all of 
these cases the identity of the resistant strain with the original sensitive-infect- 
ing strain was demonstrated by their identical patterns of lysis. 

The emergence of a resistant strain in cultures from a lesion that had origi- 
nally yielded a sensitive Staphylococcus, however, is not necessarily evidence 
that the original strain had acquired resistance during therapy. The author 
has found in a number of instances that the original sensitive strain was elim- 
inated during antibiotic therapy and was replaced by a new resistant strain of 
entirely different phage type. When this happened it usually occurred in a 
lesion that had required surgical intervention. Significantly, the new strains 
have exhibited phage patterns that are characteristic of the established hospital 
reservoir of resistant staphylococci. 

While it probably is not true of all forms of staphylococcal infection, there 
are 2 or 3 clinical manifestations of staphylococcal disease in which the responsi- 
ble strains appear to be largely restricted to a few phage types. One is acute, 
fulminating staphylococcal pneumonia following influenza. Williams, Rippon, 
and Dowsett’ have reported that staphylococci of Group I were isolated in 56 
per cent of cases of acute staphylococcal pneumonia in 2 different epidemics of 
influenza in England. Rountree and Freeman” have stated quite recently that 
in several cases of fulminating pneumonia during an influenza epidemic in Aus- 
tralia only staphylococci that were lysed specifically by phage 80 were encoun- 
tered. Phage 80 was identified in late 1954 and is said to belong to Group I. 

Many outbreaks of staphylococcal food poisoning are due to staphylococci 
of Group III. Strains of this group are responsible for the majority of out- 
breaks in Britain.! It should not be assumed that the responsibility of Group 
III staphylococci for food poisoning is necessarily universal, but it is interesting 
to note that Saint-Martin and his associates”? found that the staphylococci 
incriminated in several outbreaks in Canada were of Group III, and that in 
the Sudan an outbreak due to staphylococci of Group III was reported by Drys- 
dale.** 

It may be noted that Jackson and his associates’ found that strains of staphy- 
lococci isolated from fecal specimens in cases of enteritis following antibiotic 
therapy were largely of Group III. Surgalla and Dack”> have demonstrated 
that staphylococci from such cases produce enterotoxin. They suggest that 
enteritis that follows antibiotic therapy may result from the combination of 
the suppression of the normal intestinal flora and the chance presence of an 
antibiotic-resistant enterotoxigenic strain of Staphylococcus. . 

The production of breast abscesses in adults and of staphylococcal infections 
in newborn infants appears to be restricted to strains of rather limited phage 
types.!#18 26, 27 Often these strains belong, to Group I, but this is not always 
the case. Outbreaks that involved 4 hospitals in Winnepeg, Canada within a 
period of a few months were reported by Colbeck'® to be caused by staphylo- 
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cocci that were lysed specifically by a phage “W” that he had isolated in his 
laboratory and that probably is related to Group III. In an outbreak investi- 
gated by Denton and his associates,”* the phages producing lysis of the responsi- 
ble staphylococci were predominantly of Group III. In the majority of re- 
ported observations, however, the staphylococci isolated from breast abscesses 
and neonatal infections have been lysed specifically by phage 52A. 

Some of these studies can be summarized as follows. In the presence of an 
outbreak of staphylococcal infection in the nursery, a strain of a specific phage 
pattern often is found to predominate in cultures from the lesions, is present in 
high incidence and in similar proportions in the noses of babies and nurses, 
and may be found in the air or dust of the nursery, or on the furniture. Al- 
though the mothers may harbor staphylococci in their noses, their carrier rate 
of the specific strain is considerably lower than that of the nurses and babies. 
When breast abscesses occur in the mothers, the infecting Staphylococcus usually 
is found to exhibit a phage pattern identical with that occurring in the babies 
and nurses. During periods of little neonatal infection the incidence and phage 
patterns of staphylococci that are carried by the nurses and babies are closely 
similar, and are different from those found in the mothers. When the staphylo- 
cocci carried by the individual mothers and their babies are compared, a con- 
siderable diversity is found. Rountree and Barbour’ reported that among 54 
pairs of mothers and babies, in only 7 (13 per cent) were the phage types of the 
staphylococci carried by mother and baby the same. In a study reported by 
Barber and her associates,” only 3 of 111 pairs carried staphylococci of identical 
phage patterns. In the remainder, either the baby carried staphylococci and 
the mother did not, or the mother harbored staphylococci and the baby’s cul- 
tures were negative, or the staphylococci carried by both mother and baby were 
of completely different phage types. : 
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Discussion of the Paper 


E. T. ByNor (Bacteriological Laboratories, Laboratory of Hygiene, Department 
of National Health and Welfare, Ottawa, Ont., Canada): I should like to draw 
attention to a new phage type of Staphylococcus designated 81, discovered in 
our laboratories, that has proved to be one of the commonest hospital strains in 
Canada. This type seems to be particularly prone to produce boils and ab- 
scesses. It is not identical with, but is very similar to, type 80 reported by 
Rountree and her co-workers as causing several recent outbreaks of staphylo- 
coccal infection in hospitals in Australia. I am sure that this strain does not 
recognize the Canadian-United States border, and that it is probably widely 
distributed in the latter country. 

Regarding the relationship of a particular Staphylococcus 2h to some special 
syndrome, the recent reports from England by Spittlehouse, Parker, Tomlin- 
son, and Williams,” and Barrow’ would seem to give special significance to type 


71 as the etiologic agent of impetigo contagiosa. 
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GENETICS OF ANTIMICROBIAL RESISTANCE 


By Vernon Bryson* 
Biological Laboratory, Cold Spring Harbor, N.Y. 


If the science of microbiology is to continue the remarkable advances that 
have characterized its recent development, it is essential to establish concepts 
and to design experiments that lead forward, rather than look to the past. This 
does not deny the importance of history. Rather it implies a responsibility to 
avoid the statement of arguments that cannot be finally resolved without new 
evidence from the laboratory, or that have been established in the literature 
long enough for every interested person to learn of the issues and the data. Ac- 
cordingly, a review of reviews about the genetics of drug resistance would be of 
little interest to those already informed. In particular, it is not proposed to 
explore except briefly the overdiscussed problem of genetic versus physiological 
adaptation as contributing factors in the origin of drug resistance. Recent and 
detailed surveys are readily available.!\? Instead it will be accepted provision- 
ally that the origin of most, although perhaps not all, of the antibiotic resistance 
encountered in Micrococcus pyogenes is preceded by changes in the intracellular 
determinants of heredity—the genes. This assumption is based partly on 
analogy with Escherichia coli, a bacterial species relatively accessible to the 
genetic analysis of drug resistance.* The ability to undergo genetic changes of 
significance in evolutionary adaptation is presumably a property of all living 
things, including bacteria. 


Variability of Micrococct 


Considering the large number of genetic loci that even the most primitive 
organism must possess—a number whose magnitude is not exactly known—the 
investigator of microbial evolution can draw several speculative conclusions 
concerning the development of bacterial resistance to antibiotics: if the number 
of genes in Micrococcus pyogenes is established by conjecture at 10? to 104 (at 
least 1 per enzyme), and the average mutation rate is set at 10~* per locus, then 
even a single bacterial colony consisting of several million cells must contain a 
variety of genetic types arising from mutations for the most part at different 
loci. Pleiotropy would tend to introduce some variation into ihe drug-resist- 
ance level of mutant strains of many types. Furthermore, since the im vitro 
development of resistance to penicillin is at least continuously variable, if not 
stepwise, more than 1 gene appears to be involved in providing maximum sur- 
vival value in a Petri dish or test tube. Some variation could then depend on 
which genes are first selected in the sequence leading te full resistance. Many 
opportunities exist for individual differences at the cell level. 

In a clone of micrococci grown from 1 or a few sensitive cells, how many mu- 
tants will arise with potentially increased resistance against a particular anti- 
biotic? More generally, what is the likelihood that populations of pathogenic 
micrococci grown in the laboratory and proliferating in the animal host, or ex- 
* Present address: Institute of Microbiology, Rutgers University, New Brunswick, N. J. 
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isting in the environment, will contain cells already resistant or potentially 
resistant to antibiotic agents? Will the resistant cells all be alike, or are natur- 
rally occurring drug-resistant strains genetically distinct from those arising in 
the laboratory? These questions lead to numerous considerations, and they 
require a perspective somewhat broader than can be attained by confining at- 
tention to Micrococcus pyogenes alone. The organizers of the conference on 
which this monograph on staphylococcal infections is based have provided a 
rich field for the clinician and epidemiologist, but have simultaneously placed 
microbiologists concerned with heredity in a distressing position. The micro- 
cocci, in common with the mycobacteria and most other pathogens, are poor 
subjects for studies of bacterial heredity, their insufficiencies arising from lack 
of known means for cell-to-cell exchange of genetic information through sexual 
crossing or related phenomena. Admittedly, too little genetic exploration has 
been done to make possible a definitive statement. Unless some members of 
some Micrococcus pyogenes populations are partially or completely diploid at 
some phase of growth and reproduction, a truly precise approach to the heredity 
of this organism is excluded by present techniques. 

Despite such limitations, or perhaps because of them, the working hypothesis 
that phenotypic variability is limited by genetic variability may be borrowed 
from research with higher organisms. Genotype evidently determines the 
pattern of phage resistance, a relatively constant and easily quantified charac- 
teristic. More difficulty is encountered in the study of strain differences in- 
volving production of pigment, coagulase, a-hemolysin, hyaluronidase, or any 
other property exhibiting continuous variation. The role of genotype as a 
limiting factor in the synthesis of penicillinase has not yet been defined for Mi- 
crococcus pyogenes, although strain differences are evident.*: ® 

In brief, we know very little about the relative significance of genetic and non- 
genetic factors in the variability of staphylococci. Assuming that both types 
of factors contribute to variation, a long range view holds that the increased 
drug resistance presently encountered in clinical practice is the result of genetic 
variation and gradual selection. Imposed on the genetic differences is a possi- 
bility of nongenetic change in response to cultural conditions. If these physi- 
ological changes are rapid, in vitro experiments may provide insufficient informa- 
tion about transient resistance or virulence mechanisms of significance in the 
host. The variability of staphylococcal strains with reference to properties 
deemed contributory to virulence has been stressed by Lack and Wailling.® 
Distinction between genetic and nongenetic differences has more than academic 
interest because the former tend to be more permanent and to set the limits of 
fluctuation. The criterion of mere transmissibility does not distinguish be- 
tween genic and extragenic changes. 

With occasional attention to alternative interpretations, the following gen- 
eralities will be employed in considering the development of drug resistance by 
bacteria: ; és 

(1) Mutations lead to differences in antibiotic sensitivity, either directly or 
by providing variations in the capacity for physiological adaptation through 
induced enzyme synthesis or otherwise, 


Bryson: Genetics of Antimicrobial Resistance 163 


(2), The establishment and maintenance of resistant strains js primarily a 
function of selection pressure. 

(3) Evolutionary fitness in response to selection is reflected in the net repro- 
ductive and survival rate of entire genotypes as tested against the total complex 
of environmental factors. A drug-resistant cell may fail in competition with less 
resistant individuals in the same moderately inhibitory environment because 
it is of reduced virulence. F 

(4) Resistant cells isolated from clinical material may have their origin con- 
sidered from the point of view of the patient as endogenous (derived from sensi- 
tive cells i sifw) or exogenous (acquired from carriers or from the environment). 

(5) Although the increased resistance to antibiotics noted in certain strains 
may depend on genetic variation, there is no corresponding requirement for 
identity of residual genotype or similarity of general physiological behavior 
beyond the sine qua non necessary for the mechanism (or mechanisms) of re- 
sistance. Even the spatial arrangement and location of genes contributing to 
multifactorial resistance tend to differ in separately isolated mutant strains.*: 7 


Potential Limits of Mutation 


Some of these generalities will now be considered more completely. Muta- 
tions leading to differences in antibiotic sensitivity have too often been con- 
sidered in terms of limitless, rather than limited potentiality. The capacity of 
a bacterial population to become resistant is of utmost importance and is pre- 
sumed to depend on the individual genes possessed by the pathogen. The 
geneticist maintains that bacterial species (being bacteria) have many genes in 
common. Some genes establish relatively higher levels of resistance @ priori, 
as in the resistance of Micrococcus pyogenes to polymyxin. Others provide for 
the possibility that resistance will arise in sensitive populations by mutation at 
one or several specific loci. Definitions of the gene are at present opera- 
tional, rather than biochemical, and they include the concept of mutation rate, 
or fixed probability of change, as an important property of each locus. The 
fact that many different genera of bacteria mutate to streptomycin resistance 
at a rate of about 10~'® suggests that the same gene may be present in these 
species and that related biochemical alterations are important in the provision 
of nonsensitive metabolic pathways. The important point is that the potential 
capacity of sensitive cells to mutate toward drug resistance isa function of their 
existing genetic structure. The chemical instabilities inherent in genetic de- 
terminants of the cell permit, not an infinite variety of mutations, but a more 
restricted number, which occur with definite frequencies at determinable loci. 
Some species of bacteria may accordingly remain sensitive to an antibiotic not 
only because the genes necessary to afford resistance are absent, but because 
the genes that might potentially mutate to resistance are also absent. Such 
species could be expected to differ in biochemical properties from inherently 
or potentially resistant species. We have neglected complications introduced 
by the residual genotype, and also the possibility of long range evolution from 
nonpotential to potential genetic adaptation. In simplest form, some nacioma) 
species may lack, quantitatively or qualitatively, the genes necessary to acquire 
resistance through mutation—others may not. 
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In contrast with many other species of microorganism, staphylococci either 
possess the capacity to develop penicillin resistance or they may, in some in- 
stances, be resistant as found in nature. 


Establishment of Resistance 


Another generality will now be considered. H the establishment and main- 
tenance of resistant strains are primarily functions of selection pressure, then 
an important question for the future concerns the long-range influence of rela- 
tively low doses of antibiotics—particularly penicillin—in regimens of mass 
prophylaxis. In attempts to prevent upper respiratory infection of strepto- 
coccal origin and to avoid periodic episodes of rheumatic fever, large numbers of 
people are being given penicillin in quantities adjusted to provide a continuously 
effective level. At present, the emergence of resistant variants of Micrococcus 
pyogenes is believed to be favored by high-dosage regimens of penicillin and is 
not yet an obvious problem in the usual prophylactic program of continuous 
and moderate administration. Whether an eventual appearance of resistant 
strains will retard the progress of preventive medicine may depend on the rela- 
tion between drug level and resistance level. Thus it is known that at low 
levels of penicillin the average resistant clone that can be recovered will have a 
correspondingly low degree of resistance. High concentrations of drugs more 
commonly allow isolation, if survivors are present, of the more extreme resistant 
strains.® 

Two interpretations prevail. The first maintains the existence of a physio- 
logically adaptive adjustment of the organism to its toxic environment. Adap- 
tation to extreme resistance requires the evoking stimulus of a suitably high 
drug level. The organism adjusts to its environment and goes no further. If 
a potential pathogen has been held in check through prophylactic measures, it 
would be assumed that the necessary physiological adaptations for survival 
are not within the capability of the organism and would not be likely to develop 
in the future. The result is a philosophy of s/atus quo for, except within the 
minor limits allowed by nongenetic variability, no opportunity exists for selec- 
tion and evolution of increasingly resistant populations without recourse to 
elaborate theories of progressive enzymatic readjustment whose existence, how- 
ever plausible theoretically, have never been incontrovertibly established. 

The second point of view postulates the importance of genetic variability, 
imcluding suth manifestations of variability as have to do with physiological 
adaptations. Here the population of cells present at prophylactic penicillin 
concentrations is more diverse. It may contain an indeterminate number of 
mutants, unable or rarely able to survive continuous prophylaxis, yet more 
resistant than the sensitive prototype. If highly resistant cells are not present 
they could be expected to eventually arise from those of intermediate resistance, 
for example, as through exponential interaction and stepwise increase of resist- 
ance level attending an accumulation within single cells of small and individu- 
ally less effective mutations. Demerec? has shown that the development of 
penicillin resistance in Micrococcus pyogenes var. aureus requires consecutive 
exposure of increasingly resistant survivors to progressively higher levels of the 
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antibiotic. It has not yet been determined whether prophylaxis will eventually 
lead to similarly increased resistance in vivo. 


Reproduction and Survival of Mutants in the Host 


Failure of resistance to appear in animal hosts could depend on the inability 
of resistant mutants to maintain the necessary virulence or survival value for 
successful existence. Selection would favor strains able to become resistant 
without becoming avirulent. Establishment or nonestablishment of mutant 
bacterial strains, even in vitro, is related to complicated environmental factors, 
including in a selected example the effects of metabolites produced by bacteria 
themselves as shown in the elegant experiments of Braun and his colleagues. !? 
Phenotypic variations of significance in the pathogenicity of penicillin-resistant 
mutants of Micrococcus pyogenes might include differences in production of 
coagulase, staphylokinase, hyaluronidase, hemolysins, penicillinase, and various 
undetermined substances conditioning survival in human blood or serum. 
Changes of possible selective implication are often associated with antibiotic 
resistance, such as slow growth (G forms)" ” alterations in response to Gram’s 
stain’ * and modifications in the level of the required amino acid.'® Anti- 
biotic resistance may be offset by correlated alterations producing negative 
selection in human fluids and tissues. Resistance must be considered as only 
one facet of the genetic constitution required for survival in the presence of 
antibiotic. 


Endogenous and Exogenous Derivation of Resistant Strains 


The occurrence of penicillin-resistant staphylococci in hospitals, as reported 
by epidemiologists and clinicians, is not consistent with the concept of gradual 
selective changes occurring within a patient at rates more or less proportional 
to the intensity of selection pressure. 

For one thing, strains of intermediate resistance as observed in the laboratory 
are relatively rare in infections,!* although it should be remembered that transi- 
tional states may be illusive because of briefness. Furthermore, when sensitive 
and resistant strains are recovered from the same patient they frequently give 
different phage patterns, as though unrelated.” Investigations described by 
several contributors to this monograph prove with the phage-typing technique 
that patients in the surgical wards of hospitals do not develop their own peni- 
cillin-resistant strains by mutation, but acquire them as secondary infections 
from carriers, predominantly among the hospital personnel. An important 
question is this: How far back must one trace the resistant strain of a carrier 
before coming upon a mutational origin from sensitive cells? This problem 
has not been adequately investigated. The tendency for different hospitals to 
be repositories of different penicillin-resistant strains suggests, as do laboranney 
studies, that penicillin resistance can arise in strains of any phage pattern, 
Concentration of antibiotic-resistant strains in the group IIL of Williams and 
Rippon has led to the suggestion by Barber and Whitehead" that this group is 
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both slow-growing nonpenicillinase-producing resistant colonies of the same 
phage pattern and fast-growing penicillinase producers of type III. Inde- 
pendent corroboration would be reassuring, particularly since some bacteriolo- 
gists would regard the appearance of a new phage pattern as evidence of con- 
tamination in vitro, just as it is deemed indicative of contamination or cross 
infection in the hospital. 

Unless bacteria are well-isolated in the infected tissue it does not appear 
probable that the critical conditions essential for laboratory isolation of re- 
sistant strains would be duplicated in animal hosts. Jn vilro experiments reveal 
that if strains of extreme resistance to penicillin are to be obtained with max- 
imum efficiency, it is necessary to provide either a gradient concentration of the 
antibiotic or a carefully adjusted series of steps leading to increased antibiotic 
levels. An essential part of the process is provision of intervals wherein the 
most resistant elements of a bacterial population will be able to undergo ex- 
tensive multiplication. On the average, large numbers of bacteria are re- 
quired to give rise to further mutations. In individuals receiving massive 
doses of penicillin an exogenous source of resistant strains appears more proba- 
ble, since a suitable gradient to low concentrations may not pertain. There is 
also considerable uncertainty about the relationship between penicillinase- 
producing resistant strains responsible for animal infections and the kind of 
resistant organisms isolated by selection in the laboratory. 


Artificial and Natural Resistance 


Inability of penicillinase-producing strains of Micrococcus pyogenes to become 
established after their origin as mutants in laboratory cultures led formerly to 
the view that such types could be found only in nature. Micrococci able to 
grow in the presence of penicillin were divided into ‘“‘artificial’’ or nonpenicil- 
linase-producing types, arising by stepwise mutations only in the laboratory, 
and “natural” or penicillinase-forming strains, never found in mutation-selec- 
tion experiments.*° Szybalski*! demonstrated, however, that a substance able 
to inactivate penicillin is indeed produced by a rare type of mutant arising from 
sensitive populations of Micrococcus pyogenes var. aureus exposed to this anti- 
biotic by the gradient plate procedure. Difficulties in isolation exist because 
the individual cells produce relatively small amounts of penicillinase and must 
therefore grow in mutual contact, as in a colony proliferating at low concentra- 
tions near the inhibitory threshold on a gradient plate. 

Szybalski has stated that the presumptive penicillinase-producing mutants 
isolated by the gradient plate procedure ‘“‘retain growth and fermentation char- 
acteristics as well as virulence unchanged,” and infers a similarity between 
them and the so-called natural type commonly found in animal infec- 
tions. Somewhat parenthetically, it is admitted that penicillinase producers 
derived directly in vitro from the sensitive population by mutation may be less 
well-adapted than what we may now be forced to call the natural “natural” 
types. The latter have had prolonged evolutionary testing, and represent the 
most successful survivors of a large number of prototypes. The production of 
coagulase by these natural strains may be understood as adaptively valuable, 
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but their superiority as penicillinase producers presents something of a puzzle 
for encounters with penicillin in effective concentrations are comparatively 
recent on the time scale of microbial existence. Perhaps penicillinase has some 
value to the commonly isolated pathogens that is independent of its usefulness 
for survival in the presence of the antibiotic. On the other hand, metabolic 
products that distinguish the average naturally occurring pathogen (for ex- 
ample, coagulase and a-hemolysin) may define a general metabolism in which 
the production of penicillinase is favored. Without further evidence, it would 
seem unwarranted to classify penicillinase producers arising by mutation in 
vitro as equivalent to wild type-resistant strains. Explicit experiments on the 
virulence of such mutants would be of great interest. The presence or absence 
of penicillinase provides a convenient classification, but either condition should 
not obscure the fact that a mutant is always more similar in its residual geno- 
type to the strain from which it arose than to a distantly related form possessing 
some common enzyme or superficial property. 


Uniqueness of Resistant Strains 


A number of investigators, including Eagle,* have stressed the existence of 
several types of penicillin-resistant staphylococci. The experience derived 
from bacterial genetics shows that a single genetic locus is involved in resistance 
to streptomycin.” Even here, individual mutants tend, if inspected by certain 
criteria, to be dissimilar and perhaps even unique.” Where several genes are 
required for resistance, as is probable in the example of penicillin-resist- 
ant staphylococci, the opportunity for individual differences would be even 
greater. The final generality, stressing the opportunities for variation in re- 
sidual genotype and in physiological behavior, introduces uncertainty into 
inductive conclusions about staphylococci as a group. If resistant strains in 
one laboratory are genetically different from those in another, and if all have 
the capacity for superimposed physiological change, then the search for “com- 
mon” factors of resistance and virulence may continue to prove illusive. 


Conclusion 


Without relinquishing the well-established evidence that antibiotic resistance 
can arise by mutation, it is necessary to investigate more extensively the time 
intervals and diverse evolutionary changes that may intervene between sensi- 
tive progenitors and resistant descendants. An understanding is required that 
selective fitness may be based on both genetic and nongenetic variation, with 
drug resistance as only 1 element of fitness. Some useful analogies may be 
drawn from comparisons with species of bacteria that undergo genetic recom- 
bination. Antibiotic resistance in staphylococci, however, is undoubtedly 
complex, and it is not yet amenable to precise genetic analysis. The genetic 
tools are presently too few, and the varieties of Staphylococcus are too many. 
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SMALL COLONIES (G VARIANTS) OF STAPHYLOCOCCI: ISOLATION 
FROM CULTURES AND INFECTIONS 


By Robert I. Wise 
Depariment of Medicine, Jefferson Medical College, Philadelphia, Pa. 


Minute colonies have been isolated from strains of various genera of bacteria 
by many investigators following exposure of cultures to adverse environmental 
conditions such as chemicals, bacteriophages, prolonged incubation, storage, 
and antibiotics. Similar colonies have also been observed in cultures of mate- 
rial from septic processes in humans and animals. Previous reports of the 
characteristics of small-colony variants have been controversial and incomplete, 
and the role of these variants in infectious processes has remained unknown. A 
review of the literature regarding these aberrant colonies has been presented by 
Wise and Spink.! 

The small colonies are called ““G”’ (gonidial) colonies following the designa- 
tion of Hadley, Delves, and Klimek? in 1931, who observed them after culturing 
Shigella in bacteriological media containing lithium chloride. G colonies have 
a diameter of less than 0.1 mm., and some strains are discernible only with mag- 
nification. They revert to normal larger colonies when subcultured on nutrient 
media. 


Selection of G Colonies of Staphylococci with Antimicrobial Agents 


Hoffstadt and Youmans* 4 and Swingle?® isolated small-colony forms of Staph- 
ylococcus aureus from cultures in 0.5 per cent lithium chloride in beef infusion 
broth. In other reports, Youmans® and Youmans and Delves’ studied the 
effect of inorganic salts on staphylococci and found that barium chloride and 
barium nitrite selected dwarf colonies in peptone water. Hale* subcultured G 
variants from broth containing barium chloride and reported the small colonies 
to be about fourfold more sensitive to penicillin than the parent strain. 

In 1943 an antibiotic was found to be effective in the selection of G colonies 
by Schnitzer, Camagni, and Buck* who observed minute translucent colonies 
inareas where growth of staphylococci had been inhibited bya crude filtrate of a 
culture of Penicillium notatum. The G colonies reverted to larger, parent types 
when transferred to fresh media containing no antibiotics, but reversion was 
prevented by cultivation in media that contained filtrates of a culture of the 
fungus. The G cultures were more resistant to the inhibitory action of the 
metabolic products of the fungus than were the parent strains. Later, You- 
mans, Williston, and Simon" isolated small-colony variants from 9 of 10 strains 
of staphylococci by cultivation in penicillin broth. Rapid reversion of the G 
cultures, however, prevented testing of the susceptibility of the strains to the 
antibiotics. Eriksen" produced small colonies of staphylococci by serial trans- 
fer in broth containing increasing concentrations of penicillin, Two strains 
showed pure cultures of G colonies, but reversion to large colonies occurred after 
transfers were made in plain broth. Purity of G colonies was maintained in 
subcultures in penicillin broth. Stable dwarf colonies of staphylococci were 
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obtained from broth containing streptomycin, penicillin, and other inhibitory 
substances by Browning and Adamson,” who reported the colonies to have a 
reduction in hemolysin production but retention of coagulase. Szybalski,” 
using an agar-diffusion method with penicillin, observed small-colony variants 
as satellites around large colonies. Barbour found that G colonies appeared 
in 5 cultures during the iz vilro development of resistance to streptomycin. 
The variant colonies were of pin-point size, nonpigmented, and nonhemolytic. 


Characteristics of G Variants Selected with Antibiotics 


Wise and Spink! have reported studies of G cultures of Staphylocogcus iso- 
lated with the aid of the antibiotics, penicillin, erythromycin, carbomycin, and 
bacitracin. Attempts to select the variants with streptomycin, tetracycline, 
and chloramphenicol, however, failed with the concentrations of antibiotics 
that were employed. The colonies were translucent, nonpigmented, and had 
diameters of less than 0.1 mm. Reversion to large colonies occurred, however, 
when the strains were cultivated in the absence of antibiotics, but the rate of 
reversion varied in that large colonies appeared in some of the strains in 24 
hours and others were stable when transferred daily for 1 month. Minute colo- 
nies in the presence of larger, reverted colonies of normal size are demonstrated 
in FIGURE 1. The morphology of the G cells did not differ from those of the 


FiGuRE 1. Showing 
normal size. 
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omparative size of many G colonies and 4 larger reverted colonies of staphylococci of 
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normal or reverted bacteria, with the exception of a few large 
some of the G strains. 

Gladstone’s'® synthetic medium supported growth of the parent and re- 
verted cultures, but the G cultures showed no growth in this medium. There 
was no evidence of production of hemolysin or coagulase. Penicillinase could 
not be demonstrated. The G cultures obtained with penicillin, however, were 
twofold to eightfold more resistant to this antibiotic than were the 
parent strains. Penicillinase was not produced by G cultures adapted to grow 
in concentrations of penicillin up to 2,000 units per ml. in broth, and the ac- 
quired resistance to penicillin was lost with reversion to large colonies. 

The use of 34 bacteriophages in the typing of 15 sets of related strains demon- 
strated a genetic relationship of the parent, G, and reverted cultures, thereby 
eliminating the possibility that the G or reverted straits were contaminants. 
The G cultures were not susceptible to lysis with diluted bacteriophages as were 
the parent and reverted strains but required a greater concentration of bacterio- 
phage for lysis. When reversion occurred there was a return to a lytic pattern 
identical with that of the parent in 14 of the 15 strains, and similar in 1 set of 
cultures. 

The parent and reverted strains were identical in all characteristics studied, 
with the exception of their stability in the presence of subinhibitory concentra- 
tions of the antibiotic that had previously been used in their selection. Dwarf 
cultures could be readily produced from reverted cultures by employing the 
tube-dilution method commonly used for determining the im vitro susceptibility 
of bacterial cultures to antibiotics. After 24-hour incubation with this method, 
subcultures from the test tubes with the greatest concentration of antibiotics, 
in which no bacterial growth was visible, showed the presence of G colonies. 

A comparative study of the virulence of the related variants was made by 
injecting standardized suspensions of the parent, G, and reverted bacteria intra- 
dermally into rabbits and intravenously into mice. In rabbits the sites of intra- 
dermal injections with G cultures were just discernible after 48 hours, whereas 
edema, erythema, pustule formation, and necrosis appeared following injection 
of the parent and reverted strains. The reverted strains produced lesions of 
similar or greater severity than the reaction produced by the related parent 
strains. 

The G cultures were avirulent when injected intravenously in mice, as demon- 
strated by 100 per cent survival, although G cultures could be isolated from the 
kidneys of apparently healthy mice when sacrificed 2 weeks after inoculation. 
Conversely, all mice that were injected with the parent and the reverted cultures 
were dead in 120 and 72 hours, respectively, with death occurring at a more 
rapid rate in the mice infected with the reverted cultures. 


swollen cells in 


The Isolation of G Cultures from Clinical Infections 


The primary isolation of G cultures of staphylococci from human sources is of 
considerable clinical interest because little is known concerning the role of these 
bacterial variants in disease. In 1951 Hale’? first reported the isolation of G 
colonies in pure culture from an abscess and also obtained similar colonies in a 
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culture from the patient’s nose. The variant cultures grew as normal large 
colonies in the presence of 10 per cent carbon dioxide. There was no report of 
therapy in this patient. Sherris'? also found pure cultures of G colonies of 
Staphylococcus from closed abscesses in 2 patients who had received peni- 
cillin for 24 hours prior to the collection of material for bacteriological exam- 
ination, and he confirmed Hale’s observation of increased size of colonies during 
incubation in carbon dioxide. Wise and Spink! isolated 8 G cultures from 7 
patients. Six of the patients had received antimicrobial therapy prior to isola- 
tion of the small-colony variants. All of the strains showed gradual reversion 
to colonies of larger size on subculture. Recently, Goudie and Goudie re- 
ported the isolation of multiple pure cultures of stable dwarf colonies from the 
nose during recurrent infections of a patient over a period of 7 months. Also, 
Thomas and Cowlard!® describe a strain of G colonies of bacteriophage type 
52A isolated from infections of 2 members of 1 household, 1 of whom had been 
treated with penicillin. This would indicate that G cultures are transmissible 
and may be primary pathogens. A summary of reported cases is presented in 
TABLE |, 

Cultures containing many G colonies have been isolated from infections in 2 
patients at the Jefferson Medical College Hospital, Philadelphia, Pa. The 
first patient, a 57-year-old colored female, was admitted January 18, 1956, with 
a necrotic infection of the left hand that occurred following treatment of a par- 
onychia of the left index finger with hot applications that caused severe burns 
of the hand. The patient received no antimicrobial therapy prior to bacteri- 
ological studies. A culture of the necrotic material contained a mixture of G 
colonies and large colonies of staphylococci. The second patient, a 62-year-old 
male, was admitted to the Barton Division of the Jefferson Medical College 
Hospital on January 27, 1956, with emphysema, chronic pulmonic disease, and 
a cough that was productive of purulent sputum. He had received penicillin, 


TABLE 1 
Tur IsoLATION OF G CULTURES FROM SEPTIC INFECTIONS OF PATIENTS 
No. Source Authors | Treatment 
il Abscess and nose Hale! | No report 
2. Abscess Sherris” Penicillin (24 hours) 
a Abscess ; mak | Penicillin (24 hours) 
Me Pleural fluid Wise & Spink! Penicillin 
5. Urine aaa Gas re Sulfisoxazole 
6. Throat hig aes Penicillin 
Streptomycin 
y ~ iz ‘ iz ‘ é S 
i pee . : > Chlortetracycline 
8. rine : Sulfisoxazole 
Chlortetracycli 
9. Blood i me Penidllin sor 
LO: Urine DAA S23) None 
ee Abscesses and nose Goudie & Goudie!s Penicillin 
12. Abscess Thomas & Cowlard!? Penicillin 
ils Abscess : aS None 
14. Abscess Wise?’ None 
13). Sputum Ms None 
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streptomycin, and tetracycline for 5 days approximately 5 months prior to 
admission. Bacteriological examination of his sputum revealed both G colonies 
and large colonies of staphylococci. The G colonies from both patients grew 
as large colonies during incubation in 10 per cent carbon dioxide. Aerobic 
subcultures of the large colonies that had developed in carbon dioxide resulted 
in a return to the small-colony type. 


Discussion 

Small-colony G variants have been isolated from bacterial cultures under in 
vilro experimental conditions that were unfavorable for bacterial multiplication. 
Cultures of staphylococci revealed G colonies when cultivated in the presence of 
antibiotics in concentrations that were inhibitory but not rapidly bactericidal 
for the original strains. G cultures have been isolated from patients after ther- 
apy with antibiotics. Similar colonies have been obtained from patients who 
had no recent antimicrobial therapy. 

It was demonstrated that G cultures produced in vitro with the aid of an anti- 
biotic were twofold to eightfold more resistant to the antibiotic than were the 
parent strains. They were devoid of hemolysin, coagulase, and penicillinase 
activity. The G variants lacked virulence and remained viable in animal tis- 
sues without producing signs of infection. Reversion in vivo to cultures of large 
colonies has not been proved. The large, reverted colonies were similar to the 
parent colonies in appearance, production of hemolysin and coagulase, suscep- 
tibility to antibiotics, and virulence for experimental animals, but were different 
in that G cultures were obtained more readily from the reverted cultures than 
from the parent colonies. 

Small-colony variants isolated from human infections also reverted to large 
colonies when subcultured in nutrient media. They appeared as large colonies 
when incubated in 10 per cent carbon dioxide. Comparative studies of G cul- 
tures isolated from humans and those obtained im vi/ro with the aid of anti- 
biotics have not been successful because reversion has made such investigations 
difficult. 

It may be possible, with optimum concentrations of antibiotics, for the sur- 
vival of G cultures to occur in human tissues during therapy of staphylococcal 
infections. Under these conditions they may remain undetected and later 
revert to virulent forms, with relapse of infection. Investigations ot this possi- 
bility are in progress. Careful examination should be made in the bacteriologi- 
cal investigation of infectious processes for the presence of these small-colony 


variants. 
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THE CLINICAL PROBLEM OF ANTIMICROBIAL 
RESISTANT STAPHYLOCOCCI* 


By Wesley W. Spink 


Department of Medicine, University of Minnesota Hos pital 
and Medical School, Minneapolis, Minn. ae 


A publication devoted to Micrococcus pyogenes and the responses of the in- 
vaded host is timely because of the serious problem that antibiotic-resistant 
staphylococci poses for the clinician. No attempt will be made to review the 
extensive literature on the subject, since such a summary has been made else- 
where.' This report will be concerned primarily with the problem of staphylo- 
coccal sepsis as it has been encountered at the University of Minnesota Hos- 
pitals and its affiliated clinics since 1937, thus permitting the development of 
the over-all picture of staphylococcal infections as it has been seen in one med- 
ical center. 


The Appearance of Resistant Strains of Staphylococci in Relation 
to the Use of Antibiotics 


There appears to be no question that, as antibiotics have been introduced for 
general use, antibiotic-resistant strains of staphylococci have appeared in those 
areas where each of the antibiotics has been used most extensively. This ap- 
plies especially to large general hospitals. Before unfolding this aspect of the 
subject as it applies to institutions in the area of Minneapolis, Minn., brief con- 
sideration should be given to techniques used for determining the 7 vitro sensi- 
tivity of staphylococci to antibiotics, and to the clinical significance of the 
results. For both clinical and investigational purposes we have utilized the 
tube-dilution method for measuring i vitro sensitivity. Fortunately, virtually 
the same technique has been employed over the years of the study. Testing 
the action of antibiotics against broth suspensions of bacteria has given more 
reliable results than the rough data obtained with discs on agar media. Even 
when the most precise i vitro methods of testing are used, the results are only 
of relative value when applied by the clinician for the selection of proper anti- 
biotics in human patients. It is quite evident in selecting antibiotics for ther- 
apy that indiscriminate testing is carried out too often by clinicians, and that 
too much reliance is placed upon the results of the tests rather than upon sound 
clinical judgment and good bacteriology. Nevertheless, 2 serious types of 
bacterial infection, in which the added information of in vitro bacterial sensi- 
tivity to antibiotics may be advantageous for the patient and for the clinician 
are subacute bacterial endocarditis and severe staphylococcal sepsis, particu- 
larly septicemia. In fact, in discussing shock due to various species of bacteria, 
Hall and Gold? have stated that the mortality rate was significantly reduced 
when appropriate therapy was directed by the results of in vitro sensitivity 
tests. ; ray 
Referring now to the changing sensitivity of strains of staphylococci, prior to 


* These studies were supported by a grant in aid from Chas. Pfizer & Co., Inc., Brooklyn, N. Y. 
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TABLE 1 
In Virro RESISTANCE OF STRAINS OF COAGULASE-POSITIVE STAPHYLOCOCCI 
TsOLATED AT THE MINNEAPOLIS GENERAL HOSPITAL 
DURING 1953, 1954, anp 1955 


Total noo Per cent resistant | Per cent see 
subse ug peasy") Phe anie Be to 2 U 
icilli 1953 154 85.06 61.04 
wena 1954 156 832 73.10 
1955 209 88.00 70.81 
: ci 1953 154 95.45 _ 65.60 
ee 1954 156 100.00 69.80 
1955 209 99.04 69.38 
‘cli 1953 154 66.23 63.00 
a 1954 156 67.88 66.20 
1955 139 64.03 51.80 
xy . li ; 1953 154 66.23 62.90 
ae Lea 1954 156 67.31 60.20 
1955 139 64.03 56.11 
Tetracycline 1954 156 | 67.31 | 56.50 
: 1955 209 67 .46 | 49.76 
Chloramphenicol 1953 154 100.00 | 0.65 
1954 156 100.00 0.78 
1955 | 209 99.52 | 1.91 
Erythromycin 1953 | 153 21.43 | 18.80 
| 1954 | 156 21.15 | 14.70 
1955 209 24.88 22.49 
Neomycin 1953 | 154 4.54 | 0 
1954 | 155 5.81 0 


1955 209 6.70 0 


the introduction of penicillin into the University of Minnesota Hospitals not a 
single culture of 67 strains of coagulase-positive staphylococci isolated from 
patients was found to be resistant to more than 0.8 unit of penicillin.® It is 
recognized that some investigators have isolated an occasional strain of highly- 
resistant staphylococci prior to 1942, but these naturally-resistant strains were 
not encountered in our material. During 1949 and the early part of 1950, one 
half of the strains of coagulase-positive staphylococci isolated from the patients 
at the University Hospitals were highly resistant to both penicillin and to strep- 
tomycin.* More recent data covering the years 1953, 1954, and 1955 are pre- 
sented in TABLE 1. This information relates to strains of coagulase-positive 
staphylococci obtained from patients being treated at the Minneapolis General 
Hospital. Miss May Collin performed all of the sensitivity tests, employing 
the same tube-dilution technique that has been described elsewhere.0 A sig- 
nificant feature is that about 70 per cent of the strains were resistant to more 
than 50 units of penicillin per ml. and to well over 50 ug. per ml. of streptomycin 
and to the tetracycline drugs. It is of interest that the resistance of staphylo- 
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cocci to erythromycin is considerably less, and that the percentage of strains 
resistant to this antibiotic has been fairly well stabilized over the 3-year period. 
About 20 per cent of the strains have been resistant to more than 50 ug. per ml. 
of erythromycin. Another important observation is that a very small number 
of strains were highly resistant to chloramphenicol during these 3 years. This 
finding is no doubt related to the fact that chloramphenicol was not widely used 
in the hospital because of apprehension concerning its toxic activity on the bone 
marrow. The fact that so few strains were found to be resistant to chloram- 
phenicol made it possible for the clinicians to turn to this antibiotic when such 
a large proportion of strains was observed to be highly resistant to the other 
commonly used antibiotics. A more detailed analysis of the results of in vitro 
sensitivity tests obtained in 1955 are shown in TABLE 2, and the results with 
some of the newer antibiotics are also given. It is to be noted that many of the 
strains revealed a high degree of resistance against penicillin, streptomycin, and 
erythromycin. The results with cathomycin and streptonivicin parallel each 
other. Spiramycin does not appear to be a promising drug for staphylococcal 
sepsis because of the considerable degree of resistance exhibited by many strains. 
The potentialities of vancomycin remain to be explored. 


Changing Clinical Pattern of Staphylococcal Infections 


There has been a remarkable change in the pattern of staphylococcal infec- 
tions as seen in the University of Minnesota Hospitals since 1937. Prior to the 
introduction of penicillin in 1942, staphylococcal osteomyelitis of the long bones 
was a common and discouraging type of infection to be found in the wards, es- 
pecially on the pediatric and orthopedic services. Today, acute osteomyelitis 
is rarely seen in the hospital, and even chronic forms of the disease are encoun- 
tered much less frequently. Carbuncles and furuncles are to be seen only oc- 
casionally in the hospitals. On the other hand, there has been a serious increase 
in the incidence of severe staphylococcal sepsis, with and without bacteremia, 
many of the cases having been acquired in the hospitals. The number of cases 
of acute and chronic staphylococcal infections of the genitourinary tract is con- 
siderable, and the management of these patients remains depressing for both the 
clinician and for the patient. The incidence of staphylococcal pyoderma in 
patients with debilitating or degenerative diseases remains high, particularly 
in the bedridden and aged patients. As will be detailed shortly, staphylococcal 
sepsis has become an increasingly alarming problem in the general hospitals, 
and this feature is directly related to the appearance of antibiotic-resistant 
staphylococci in abundance in such an environment. 


The Changing Mortality Rate of Staphylococcal Seplicemia 


Prior to the advent of penicillin, the over-all mortality rate ance Dion by most 
investigators for staphylococcal septicemia was about 75 per cent. Although 
the sulfonamides, especially sulfathiazole, appeared to offer hopes for reducing 
this rate, such a sanguine outlook proved short-lived with further experience. 
It soon became apparent, however, that penicillin was a very potent es be 
couraging drug for staphylococcal septicemia. By 1945 it became possible to 
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report on a marked drop in the mortality rate at the University Hospitals be- 
cause of the use of penicillin, the fatality rate in a treated group of cases being 
28 per cent. Within a few years, however, it was disheartening to realize that 
this improved mortality rate could not be maintained, In a group of cases 
treated at the University of Minnesota and its affiliated hospitals between 1951 
and 1953, the mortality rate was 54 per cent, twice what it had been previously.’ 
More recently, the records of 24 patients having staphylococcal septicemia at 
the University Hospitals from 1952 through 1955 have been analyzed in col- 
laboration with Gloria Bradley. The pertinent data pertaining to these pa- 
tients are shown in TABLE 3. Seventeen of the 24 patients expired, giving a 
mortality rate of 70.8 per cent. In addition to these cases of septicemia, 17 
cases of acute bacterial endocarditis have been studied, and 16 of these indi- 
viduals died, resulting in a mortality rate of 94.1 per cent. Information on 
these patients is shown in TABLE 4. If all the cases of septicemia, with and 
without the presence of endocarditis, are combined, there is a total of 41 cases, 
and 33 of these patients died, yielding an over-all mortality rate of 80.48 per 
cent. In other words, at the end of 1955, we find that staphylococcal sep- 
ticemia is not usually associated with osteomyelitis, but its mortality rate ap- 
proximates that present before the introduction of the antibiotics. 


Some Factors Responsible for the Development of 
Staphylococcal Septicemia 


We have attempted to ascertain some of the factors responsible for the devel- 
opment of staphylococcal septicemia in the 41 patients already referred to. 
This information is summarized in TABLE 5. The most disturbing feature is 
that the infections of at least 24 of the 41 cases, or about 60 per cent, were ac- 
quired in the hospital, and most of these patients were on surgical services. Of 
serious concern is the relatively large number of infections that originated from 
minor surgical procedures, such as “‘cut-downs” for intravenous therapy. In 
several instances a localized thrombophlebitis resulted that was the primary 
focus for the staphylococcal infection. It is to be noted that there were 4 cases 
of septicemia which were probably induced by the use of corticosteroids for 
chronic disease. 


Relationship of Penicillin-Resistant Strains of Staphylococcs 
to the Outcome of Patients Having Septicemia 


It is generally agreed that penicillin is the most effective therapeutic agent 
for staphylococcal sepsis, provided that the organisms are sensitive to the drug. 
Unfortunately, in vitro sensitivity tests were not carried out on all of the strains 
isolated from the patients, but data are available on 27 patients. Twenty-two 
of these patients had infections with strains that were resistant to more than 
50 units per ml. of penicillin, and 18 of the 22, or 81.8 per cent, died. 

Since so many of the cases of septicemia were contracted in the hospital, and 
since the experience of many investigators has revealed that these hospital 
infections are largely due to penicillin-resistant strains of staphylococci, the 
present series of cases was investigated for the relationship between the out- 
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186 Annals New York Academy of Sciences 
TABLE 5 
Causative Factors In 41 Cases OF STAPHYLOCOCCAL SEPTICEMIA 

1. Number of Cases Having Infections Acquired in the Hospital...............-: 24 

A. Postoperative wound infections. ...........-+- 2+ --++ esse eset eee eee: 13 

B. Following minor surgical procedures........---.-- +++ +++ sess eee ee sees 8 

C. Following cortisone therapy for chronic disease...............--..-+-+-. 2 

Da Neonatal intection. esses. = Siva dane phasis ye ed aon ei eee iY a 
2. Number of Infections Acquired Outside of the Hospital....................... 17 


ING Wetoveurlloye aununeretanoinl VomWewan. . 4 22 -e oe ce ae won eee ese cos sat ‘ee 
B. Portal of infection not known. ........-.+.---+seseee esse tsetse ees 
C. Following cortisone therapy for chronic disease.......................-- 


come of the illness and the sensitivity of the organisms to penicillin. There 
were 16 hospital cases of septicemia whose infections were caused by strains 
that resisted penicillin in a concentration of 15.6 units per ml. or more, and 14 of 
these patients died. Although comparative data with nonhospital infections 
are insufficient, it is of interest that, of 4 patients having infections due to sen- 
sitive strains, only 1 died, and death was due to cardiac failure. 


Epidemiological Investigations of Wound Infections Due 
to Penicillin-Resistant Staphylococci 


While there is ample evidence that the reservoir of antibiotic-resistant staph- 
ylococci in a general hospital resides on the mucous membranes and skin of 
hospital personnel and in the immediate environment of the hospital, precise 
details are lacking concerning the spread of staphylococci to patients. In order 
to get more definite information concerning the carrier rate of resistant staph- 
ylococci at the University Hospitals, an extensive epidemiological investigation 
was undertaken in 1954.5 Since the problem at hand appeared to center on 
postoperative wound infections, attention was directed to the personnel on the 
surgical staff, including the surgeons, nurses, and ward attendants. 

Coagulase-positive staphylococci were isolated from the nasopharynx of 32 
per cent of 208 members in the surgical group. The striking feature was that 
41 per cent of those with positive cultures were harboring staphylococci that re- 
sisted more than 1,000 units of penicillin per ml. This was in contrast to the 
control information obtained on an equivalent number of patients seen in the 
outpatient department. The majority of these individuals coming from rural 
areas were carrying penicillin-sensitive strains of staphylococci. Data were 
also obtained from patients in the hospital having staphylococcal infections, 
and the results paralleled those found in the surgical personnel. A summary 
of the results acquired in the 3 groups is given in TABLE 6. These data support 
the conclusions of others that the members of a hospital staff and infected pa- 
tients harbor antibiotic-resistant staphylococci to a considerable degree. 

While the foregoing data suggest a causal relationship between healthy car- 
riers of resistant staphylococci and the infections appearing in patients, more 
definite proof is desired, and this was afforded by a study carried out in coop- 
eration with the Minnesota Department of Health in 1954. A small newly- 
constructed hospital serving a community near Minneapolis was first opened 
in 1953. The first patient operated upon suffered from a postoperative wound 
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TABLE 6 
Units of penicillin per ml. 
Group | z = = = = 
| 0.1-1.0 | 1.0-10 | 10-100 100-500 | 500-1000 | >1000 
| = ie = 

Surgical staff (208). ..2......... tO 229 29.4 Veo 
Inpatients (66)... ORS eee 83 | 33.3 | 9.3 | 406 
Ontpatients'(200). 0. ..<........ 60.9 ise 1.9 9.7 


Comparative resistance of strains of M. pyogenes to penicillin (units per ml.) isolated from 
3 different groups at the University of Minnesota Hospitals in 1954. The results are ex- 
pressed in per cent of strains isolated. The total number studied in each group is given in 
parentheses. 


infection caused by penicillin-resistant staphylococci. In succession, a total of 
10 patients with postoperative wound infections were brought under observa- 
tion. Since all of the infections were due to coagulase-positive staphylococci 
highly resistant to penicillin, an appeal was made to the Minnesota Department 
of Health to try and elicit the source of these infections. An agar plate exposed 
for 90 minutes near the site where surgical instruments were rinsed showed the 
presence of 65 colonies of hemolytic staphylococci. On another occasion when 
no surgery was in progress, a single colony of Staphylococcus appeared on the 
plate after prolonged exposure. Cultures of the nasopharynx were carried out 
on the attending staff, and a penicillin-resistant strain of Staphylococcus was 
isolated from the scrub nurse who had been in attendance during all of the op- 
erations. This strain, plus the strains isolated from 3 patients, were submitted 
to Robert Wise for bacteriophage typing. Lysis of the staphylococcal cultures 
resulted from a group of phages, leaving no doubt that the scrub nurse was the 
source of the infections. The sequence of events and the results of bacterio- 
phage typing in this group of infections are shown in FIGURE 1. No further 
infections occurred following the removal of the scrub nurse from the operating 
room. 


Staphylococcal Enterocolitis 


A disturbing side effect of antibiotic therapy is the appearance of diarrhea, 
which may be associated with pseudomembranous enterocolitis and antibiotic- 
resistant staphylococci. We have encountered only 1 fatality in which the 
appearance of a severe enterocolitis and resistant staphylococci was the primary 
cause of death. Such a staphylococcal enterocolitis, however, has been a con- 
tributing factor in the death of several other patients. This complication of 
antibiotic therapy is usually associated with the tetracycline drugs, but we have 
seen it result from all of the commonly used antibiotics when administered 
parenterally as well as orally. A severe membranous enterocolitis was ob- 
served in a young adult who had been given penicillin and streptomycin pro- 
phylactically following surgery. A pure culture of Staphylococcus resistant to 
these 2 antibiotics was recovered in the purulent stools. We encounter 1 to 2 
patients a month at the University Hospitals who have severe diarrhea associ- 
ated with antibiotic-resistant staphylococci in the stools. Perhaps we have 
seen less of this complication than has been seen at other hospitals because the 
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EPIDEMIOLOGICAL DATA ON SURGICAL WOUND INFECTIONS DUE TO 
PENICILLIN-RESISTANT STAPHYLOCOCCI WITH BACTERIOPHAGE TYPING 


1 
Caesarion section 
(11/21/53) 
2 10 
Leg fracture Excision of lipoma 
(11/28/53) (1/5/54) 
3 9 

Appendectomy Cardiac massage 
(11/30/53) (12/21/53) 


4 8 
Herniotomy Herniotomy 
(12/1/53) (12/12/53) 
6/7/47/47C/VA4/52/47B/ 42E/53/54/70/75/7 7 
5 7 
Cholecystectomy Herniotomy 
(1271/53) 6 (12/12/53) 
Knee surgery 
(12/4/53) 
FIGURE 1 


majority of our surgeons have been adverse to the routine use of the tetracycline 
drugs in the preparation of patients for bowel surgery. When an antibiotic 
has been used for this purpose, neomycin is most commonly selected. Neo- 
mycin-resistant staphylococci have not been a problem with us, although the 
antibiotic is quite toxic when administered parenterally. 


What Can Be Done About the Control of Hospital Infections 
Due to Antibiotic-Resistant Staphylococci? 


Since a major concern of hospital infections is related to wound infections, 
both surgically induced and traumatic, every attempt should be made to enforce 
strict aseptic techniques in the operating rooms and to keep the immediate 
environment meticulously clean. These aspects of the problem have been 
admirably explored by Blowers and his associates.’ Patients with staphylo- 
coccal sepsis are often hospitalized on services other than the surgical. The 
control of cross infections in a hospital can be further accomplished by the en- 
forcement of a uniform rule stating that all patients having staphylococcal 
sepsis should be strictly isolated. This regulation applies particularly to pa- 
tients having open and exuding wounds and to those with staphylococcal respir- 
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atory infections. The immediate environment of these patients, containing 
such items as bed clothing, bed pans, and dust, is often heavily contaminated 
with staphylococci. Finally, there is an urgent need for a drug that is not only 
highly active against staphylococci but relatively nontoxic for the patient. 
Most important, however, the potential appearance of resistant organisms 
under the influence of such a drug should be reduced toa minimum. The avail- 
ability of such a drug might once again reduce the terrifying mortality rate that 
confronts the clinician today in the management of staphylococcal septicemia, 
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Discussion of the Paper 


CHESTER W. Howe (Boston University School of Medicine, Massachusetts 
Memorial Hospitals, Boston, Mass.): In the field of postoperative wound infec- 
tions following clean surgery, I agree with Wesley W. Spink that much can be 
done to control staphylococcal sepsis by more strict attention to the prevention 
of cross contamination. This is one of the specialized situations in hospitals, 
referred to earlier by Walsh McDermott, in which we are seeing a high incidence 
of infections due to Staphylococcus aureus occurring sporadically or in small epi- 
demics, and apparently related to a high carrier rate of antibiotic-resistant 
organisms in hospital patients and personnel. My contacts with hospitals and 
surgeons in the Boston area and elsewhere suggest that the problem is more 
frequent and more serious than is indicated by the few reports in the literature. 

A brief review of our experience in the Department of Surgery at the Massa- 
chusetts Memorial Hospitals will serve to illustrate the problem.’ In 1949 our 
wound-sepsis rate for major and trivial infections combined, following clean 
operations, was 1 per cent. This rate gradually increased over a five-year 
period in a stepwise, statistically significant fashion so that in 1953 it had 
reached 4 per cent, with a peak of 10 per cent for a period of 1 month early in 
1954. During these years, so-called prophylactic antibiotic therapy with peni- 
cillin was widely used before and after surgery. A survey of patients and per- 
sonnel in the summer of 1953 showed that 99 per cent of us were nasopharyngeal 
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or skin carriers of Staphylococcus aureus, and that 75 per cent of the strains 
were penicillin-resistant. Eighty per cent of our wound infections in 1953 were 
due to this organism. 

We started a program consisting of various techniques to reduce cross-con- 
tamination. Without going into all the factors bearing upon the development 
of wound infection, I might mention a few of the measures taken. The use 
of routine antibiotic prophylaxis was largely curtailed. Since the majority of 
our infections were deep seated and their pathology indicated that the wounds 
were seeded in the operating room, and since the nasopharynx is the main reser- 
voir for staphylococci, we advocated double masking and the changing of masks 
every hour or 2 during long operations. On the wards, we advocated the use 
of masks and gloves by doctors and nurses, while changing septic dressings, in 
order to help prevent themselves from becoming heavy carriers. Special 
“septic sets’? were provided for dressing infected wounds. All instruments 
were immediately wrapped following dressings and sent to be autoclaved be- 
fore cleaning. They were then definitively sterilized before being used again. 
Waxed-paper bags were provided for the disposal of contaminated dressings. 
Isolation of patients with infected wounds proved to be impractical in our hos- 
pital, but isolation of the wounds by the use of occlusive dressings and isolation 
of the nasopharnyx by the use of masks are feasible. Early control of serious 
wound infections by drainage, debridement, and surgical closure was carried 
out whenever possible. 

Following the institution of these and other measures, our infection rate 
was cut in half during the next 2 years so that in 1955 it was down to 2 per cent. 
Moreover, only 56 per cent of these infections were due to Staphylococcus aureus, 
in contrast to 80 per cent in 1953. A repeat survey of the patient and personnel 
carrier rate last summer showed that it had been reduced from 99 to 75 per cent, 
62 per cent of the strains being penicillin resistant. Our statistician tells me 
that these reductions are quite significant. 

Discussions with surgeons from various other hospitals strongly suggest that 
Staphylococcus aureus wound-infection rates, seldom published, have been much 
higher than those presented here. Blowers ef al.? reported from England that 
postoperative wound infections with penicillin-resistant Staphylococcus aureus 
became so frequent in 1952 (10.9 per cent) that it was necessary to close the 
hospital. Following extensive reorganization, the rate fell to 3.9 per cent in 
1953 but rose to 6.2 per cent in 1954. In the past it has been considered that 
on a well-regulated surgical service the wound-infection rate should not exceed 
1 or 2 per cent. Although we are again approaching that level, we feel that 
further improvement is possible, and we are carrying out studies directed to- 
ward that end, especially on the house service, where the high average age and 
poor-risk character of the patients noted in recent years makes this problem 
especially important. 
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Part IV. Clinical Staphylococcal Infections 


STAPHYLOCOCCAL INFECTIONS CURRENTLY ENCOUNTERED 
IN A LARGE MUNICIPAL HOSPITAL: SOME PROBLEMS IN 
EVALUATING ANTIMICROBIAL THERAPY IN SUCH 
INFECTIONS* 


By Maxwell Finland and Wilfred F. Jones, Jr. 


Thorndike Memorial Laboratory and Second and Fourth (Harvard) Medical Services, 
Boston City Hospital, and the Department of Medicine, 
Harvard Medical School, Boston, Mass. 


The topic originally designated for this paper, ‘The Effect of Present Anti- 
microbials in Staphylococcal Infections” was presumably chosen in order to 
present in this monograph a clear picture of the status of antimicrobial therapy 
as applied to the kinds of staphylococcal infections now being encountered. 
This topic proved to be rather difficult, and neither profitable nor even capable 
of clear definition, either from our own experience or from data readily avail- 
able in the literature. Much of the difficulty seemed to stem froin the lack of 
any large body of basic data on the occurrence of various types of staphylo- 
coccal infections. Because 1 important objective of this monograph was in- 
terpreted to be the definition of some of the major problems involved in staphy- 
lococcal infections and an exploration into possible methods of coping with 
them, it seemed proper to deviate somewhat from the assigned topic in order to 
present some data and observations arising out of an attempt to evaluate anti- 
biotic therapy. These will concern 2 general topics: first, the magnitude of the 
problem of staphylococcal infections as encountered at the Boston City Hos- 
pital in recent months and, second, some problems involved in evaluating the 
effectiveness of antibiotics in the management of severe staphylococcal infec- 


tions. 
Spot Survey, January 1956 


In preparation for this paper, a spot survey was made of all of the wards of 
the Boston City Hospital, Boston, Mass., during the latter part of January 
1956. Accompanied by the Resident and other members of the house staff of 
each ward, along with the supervising nurse and, in some instances, by the 
Director of the service, we passed from bed to bed, noting primarily 3 points 
with respect to each patient: first, whether there was a staphylococcal infection 
of any type, second, whether it was present at the time of admission to the 
hospital or acquired (or first recognized) after admission and, third, whether 
any antimicrobial therapy had been given immediately privr to or after its 
clinical appearance or recognition. 

Although the third aspect would seem to be the most important one for the 
present purpose, the findings on this phase were quite unrevealing. Very few 
of the patients whose staphylococcal infections were present on admission to 

* Aided by a grant from the National Institutes of Health, Public Health Service, Department of Health, 
Education, and Welfare, Bethesda, Md. 
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the hospital had previously received antimicrobial therapy, whereas such treat- 
ment had been used in about one half of those whose staphylococcal infections 
were acquired in the hospital. Penicillin plus streptomycin had generally been 
used either in “prophylaxis” or when infection was suspected and its nature 
was not clearly defined. These and other antibiotics had been used when in- 
dicated for other infections that were present before the staphylococcal infection 
was recognized. The findings on the first 2 aspects are of greater interest and 
will be presented in more detail. 

A summary of these findings is shown in TABLE 1. It will be seen that the 
total number of patients in the hospital at the time of the survey was approxi- 
mately 1172. This included patients on all services: medical, surgical, pedi- 
atric, and the specialties. A total of 181 patients was found to have some type 
of manifest staphylococcal infections. Of these, 68 had the infections at the 
time of admission to the hospital. These cases were arbitrarily divided into 
serious and less serious infections, although some of the latter infections were 
quite serious from the point of view of prolonged morbidity and were potentially 
even more serious than the others, occurring as they did in patients with dia- 
betes, impaired circulation, cardiac or renal failure, or other severe chronic or 
acute diseases. 

Infections acquired outside of the hospital. Among the 15 serious infections 
are included: 6 cases of osteomyelitis; 3 of pneumonia and empyema; 3 with 
severe sinusitis and facial cellulitis; 2 cases of bacterial endocarditis, including 
one that also had osteomyelitis; 1 of peritonitis; and 1 admitted with a car- 
buncle and also having bacteremia and metastatic lesions. Among the 53 
less-serious infections present on admission, there were furuncles, felons, or 
carbuncles in 20; infections of burns, rashes, ulcers (including decubitus ulcers), 


TABLE 1 
Spot SURVEY OF STAPHYLOCOCCAL INFECTIONS 
Boston City Hospital, January 1956 


INbieaMloyere Onl POPMAL AMRIT hy ok chy ao Ss Sons ee Mes esl gee lee ok wees on. Le 


1. Infections present at time of admission (68) 


Serious infections (15) Less-serious infections (53) 
Osteomyelitis ce une a Lerer were 6 Infected. burns, rashes, ulcers, and 
OINUSItis and Cellulitisneseee wees eS wounds. Tis bye, SORE aLS 5, coer eee re 23 
Bndocarditis; mous. ~ ki vos spe > fee ... &  Puruncles, felons, carbuncles........... 20 
Pneumonia and/or empyema..... 2”) Breast abscesses ya,c0, eee tee ae 6 
Carbuncle with bacteremia 1 Chronic suppurative otitis............. Z 
deCAAROVOMYMS ee Rk Se oc oenion ae ib” Unmary tract intectionue eee eee een 2 


2. Infections probably acquired in the hospital (113) 
Serious infections (16) Less-serious infections (97) 
Pneumonia and empyema. 
Burns, wounds, ulcers Furuncles, abscesses 39 


Bacteremia, ? source. . Respiratory tract... 


6 Burns, wounds, ulcers... 

3" 
Carbuncles, soft-tissue infect. Sere (Whchathateqechoe Na ae ee 1 

A a6 20) Woe ak eae Oe RR We a Bg» : 

1 

i 


Finland & Jones: Staphylococcal Infections 193 


and wounds acquired outside of the hospital totaled 23: 6 patients with breast 
abscesses all of whom had given birth at this hospital and had been discharged 
with their babies only to be readmitted within 3 days to 3 weeks; 2 had staphylo- 
coccal infections of the urinary tract; and 2 had acute and chronic otitis media. 
Some of these cases, particularly those with superficial infections of wounds, 
burns, or ulcers were mixed infections in which other organisms also partici- 
pated. Thus, 38 per cent of the staphylococcal infections noted at the time of 
the survey had been acquired outside of the hospital. 

The extent of the current problem of staphylococcal infections outside of the 
hospital, that is, in the community from which the patients are derived, is not 
entirely clear, but it is known to be quite extensive from the large number of 
patients being treated in the Outpatient Department, by physicians of local 
domiciliary medical services, and by district nurses. Exact figures from these 
sources, however, were not compiled. 

Infections acquired in the hospital. The rest of the staphylococcal infections 
observed, numbering 113, or 62 per cent of the 181 staphylococcal infections, 
were apparently acquired after admission of the patients to the hospital. 
Sixteen of these were listed as serious and the others as less serious, but many 
of the latter were causes of severe and prolonged morbidity. The 16 serious 
infections included: 6 patients with pneumonia and empyema, originally ad- 
mitted to the hospital for other systemic diseases or for respiratory infections 
due to other organisms; 3 with severe secondary infections of wounds and burns; 
1 with a postcraniotomy meningitis; 1 with an infected venous “‘cut-down” 
associated with prolonged bacteremia; 2 with extensive carbuncles and infec- 
tions of soft tissue; 1 with a subdiaphragmatic abscess occurring after a clean 
laparotomy; and 2 were cases of staphylococcal bacteremia, the source of which 
had not yet been determined. The 97 patients with infections classified as less 
severe included: 52 with secondary infections of primarily clean surgical wounds 
as well as of burns and ulcerations, particularly decubitus ulcers acquired after 
admission to the hospital in severely ill patients or in patients who had had 
severe injuries, fractures, e/c.; 39 with multiple furuncles or abscesses of various 
sizes that yielded staphylococci; 5 with pulmonary infections in which the 
Staphylococcus seemed to be the primary organism concerned at the time of the 
survey but was not present at the time of admission; and 1 was a urinary-tract 
infection acquired following instrumentation. 

Infections in hospital personnel. The nosocomial infections shown in TABLE 1 
did not include cases among the resident house staff, nurses, or service personnel 
of the hospital. Among the house staff there were 18 with large furuncles or 
carbuncles, some of which involved only unexposed parts. Interestingly 
enough, these members of the house staff were widely distributed among the 
various services: 6 of them were on the general surgical services; 7 on medical 
services; 2 were orthopedic surgeons; 2 were pathologists and 1 was an an- 
esthesiologist. There were at least 9 others of the resident staff who had re- 
cently recovered from staphylococcal infections. Cursory inquiry Into the 
situation among nurses revealed that 7 of them were absent from duty because 
of staphylococcal infections, of whom 5 were hospitalized at the time for these 
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infections, and 9 others had recently been treated for staphylococcal skin infec- 
tions. There were also at least 8 ward attendants with significant infection of 
the skin of exposed surfaces that were known to the supervising nurses. These 
attendants had either just returned to duty or were still out sick with the in- 
fection at the time of the survey. The house surgeons and physicians, inci- 
dentally, in most instances had been hospitalized at least part of the time for 
these infections, and the surgeons were excluded from operating for prolonged 
periods because of the involvement of the skin of the forearm and hands. 
There undoubtedly were more doctors and nurses with staphylococcal infec- 
tions that were not obvious and that were not uncovered by the superficial 
type of survey that was made. ; 
Susceptibility of strains to antibiotics. Neither this spot survey nor the other 
clinical material to be presented includes detailed bacteriologic studies of the 
strains of staphylococci concerned in the infections or of their susceptibility to 
the currently available antibiotics, another feature that was presumably implied 
in the subject originally assigned for this paper. Considerable experience with 
such studies during the last few years and actual tests of a large proportion of 
the strains from cases included in the present studies make it reasonably certain, 
however, that the current picture at the Boston City Hospital is similar in this 
respect to that being reported from many other large hospitals throughout this 
and other countries. The staphylococci from the majority of ‘‘closed”’ infec- 
tions present at the time of admission to the hospital in patients not recently 
exposed to the hospital environment have proved to be susceptible to almost all 
of the available antibiotics except polymyxin. Staphylococci from infections 
acquired in the hospital, on the other hand, have quite uniformly proved to be 
resistant to penicillin and the tetracyclines, a large proportion being found 
resistant to streptomycin and a small proportion are now proving to be resistant 
to erythromycin. Nearly all, however, are at least moderately susceptible to 
chloramphenicol, erythromycin, bacitracin, and neomycin, and many to strepto- 
mycin as well. It is for that reason that treatment of the nosocomial infections 
has, in recent years, been largely with combinations of the latter antibiotics. 


Staphylococcal Infections in Autopsied Cases 


Another aspect of the current or recent status bearing on the magnitude of 
the problem of staphylococcal infections at this hospital was investigated 
through a study of all the autopsies that were done at the Mallory Institute of 
Pathology, of this hospital, during the year 1955.* In almost all autopsies, ex- 
cept those done long periods after death and some others, cultures were made 
with accepted bacteriologic techniques. Cultures were obtained, more or less 
routinely, from cardiac blood, spleen, and each lung and, in addition, cultures 
of other foci, especially purulent areas, were also obtained when these were 
encountered under conditions that excluded gross contamination. The obser- 
vations are, of course, subject to various technical and other criticism but, 
since this consideration is not crucial with respect to the main purpose of the 
present survey, technical aspects will not be discussed in detail 


* We are indebted to G. Kenneth Mallory and Stanley L. Robbins for permission to use these data from their 


protocols and also to the resident pathologists and assistant pathologists who conducted the routine autopsies 
and made the cultures upon which this survey is based. a 
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TABLE 2 
HeEMOLYtTIc STAPHYLOCOCCUS AUREUS IN Post-Mortem CuLtures 
Boston City Hospital (Mallory Institute of Pathology), 1955 


Total number of autopsies performed 


Geeenber in which cultyres were done.............:................ "Oe" 
Hemolytic Staphylococcus aureus, pure or PLECOMMENE, | os ker da noth, aw chen, 266 
Cardiac blood and spleen, both positive.................................. 35 
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Spleen positive, cardiac blood negative.................................., 19 
Total: cardiac blood and/or spleen positive................................. 86 
Other significant sites positive (cultures of cardiac blood and/or spleen either negative, 
not done or contaminated) 
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bine abscess (2), mediastinal abscess (1)... 2. <2 occ acecdscu vec wecsewwbaes 3 
EMRE NED SHEMINPCANERTUALE SNe igs. fe cotk sss os ues creer te eben 2 
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Cultures positive for both hemolytic and nonhemolytic Staphylococcus aureus 
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Cultures positive for nonhemolytic Staphylococcus aureus 
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7 One also had a moderate number of nonhemolytic Staphylococcus aureus. : 
t Hemolytic Staphylococcus aureus was grown in pure culture from cardiac blood in 4 of these cases. 


Some of the significant bacteriological findings in this autopsy material as 
they relate to staphylococcal infections are summarized in TABLE 2. The total 
number of autopsies performed during the calendar year 1955 was 1039, and 
satisfactory cultures were made in 914 of these cases. The findings with respect 
to staphylococci are reported primarily on the basis of the morphological ap- 
pearance of the colonies, that is, their color and hemolytic activity on sheep’s- 
blood agar. For purposes of this presentation, those organisms that failed to 
produce yellow pigment, that is, those classified as Staphylococcus albus, were 
excluded. A total of 266 cases was found in which hemolytic Staphylococcus 
aureus was cultivated as the only or predominant organism from the heart’s 
blood, spleen, lungs, or various important primary foci of infection. 

Post-mortem evidence of invasion of the blood stream. Among these 266 cases, 
86 yielded hemolytic Staphylococcus aureus* from the heart’s blood, spleen, or 
both: 32 from heart’s blood alone, 19 from spleen alone, and 35 from both 
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heart’s blood and spleen. The conditions under which these cultures were 
obtained have led the pathologists and bacteriologists to feel that the cultures 
of the spleen are more significant or, rather, less likely to be contaminated than 
those from the heart’s blood, and this would account for many cases with posi- 
tive heart’s-blood cultures that had to be excluded because of gross contamina- 
tion. In addition to these 86 cases, there were pure cultures of nonhemolytic 
Staphylococcus aureus found in the spleens of 8 patients, and in 2 cases this was 
cultured from heart’s blood. Interestingly enough, of the 8 patients from 
whom pure cultures of nonhemolytic Sfaphylococcus aureus were obtained from 
the spleen, 4 had hemolytic Staphylococcus aureus in pure culture in the heart’s 
blood. There were 5 additional patients in whom both hemolytic Staphy- 
lococcus aureus and nonhemolytic Staphylococcus aureus were cultured, 3 of 
them in the spleen alone and 2 in both heart’s blood and spleen. These data 
are of interest in relation to a parallel survey of staphylococcal bacteremias 
that will be mentioned later. 

Focal staphylococcal infections. In addition to these evidences of bacteremia 
obtained post mortem, there were 47 patients among the 266 from whom hemo- 
lytic Staphylococcus aureus was obtained either in pure culture or as the pre- 
dominant organism from significant foci, but this organism was not obtained 
either from the heart’s blood, spleen, or lungs, that is, where the only source of 
hemolytic Staphylococcus aureus was an important focus of infection and cul- 
tures from other sources either were not done, did not yield this organism, or 
were grossly contaminated. These included: 4 cases of vegetative endocarditis 
with hemolytic Staphylococcus aureus cultured directly from the valve; 6 with 
positive cultures of pericardial exudate; 4 of pleural exudate; 19 of peritoneal 
exudate found either free or in localized pockets or abscess cavities; 5 of infected 
joints, mastoids or other bones; 2 of lung abscess; 1 of mediastinal abscess; 4 
of renal abscesses or pyonephrotic exudate; and 2 of meningeal exudate. 
There was 1 additional case, not listed in the table, in which a nonhemolytic 
Staphylococcus aureus was found in the brain and another in which such an 
organism was cultured from a suppurating mastoid, both occurring in pure 
culture. 

Pathologic significance of post-mortem bacteriological findings. A brief review 
was made of the autopsy protocols, attention being given to the correlation 
between the final anatomical diagnosis and the bacteriological findings at au- 
topsy. This indicated only that without more detailed study the relationship 
of these bacteriological findings to the anatomical lesions could not be inter- 
preted in many instances. That was particularly true of the patients with 
staphylococci other than hemolytic Staphylococcus aureus, but it was also true 
of some of the patients in whom such strains were obtained in relatively small 
numbers, or together with other species that seemed to be more pertinent, or 
where hemolytic Staphylococcus aureus was obtained in the apparent absence 
of any recognizable suppurative lesions. A study of a number of clinical records 
of cases in which nonhemolytic Staphylococcus aureus, and even some in which 
Staphylococcus albus, was cultured during life, however, indicated that these 
may be associated with significant lesions. There were several cases, for ex- 
ample, in which nonhemolytic Staphylococcus aureus or Staphylococcus albus 
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was obtained from blood cultures on 1 or more occasions during life, in which 
foci of suppuration yielding pure cultures of hemolytic Staphylococcus aureus 
were demonstrated clinically or noted at post mortem examination. Not 
shown in TABLE 2 and not included among the 266 cases analyzed were 198 
additional cases with either nonhemolytic Staphylococcus aureus or Staphylo- 
coccus albus predominating in autopsy cultures. Many of these also had hemo- 
lytic Staphylococcus aureus in small numbers from some sources, either alone or 
mixed with the other staphylococci, but not predominant or in pure culture in 
any organ. 


Staphylococcal Bacleremia 


Another aspect that was studied in arriving at some estimate of the magni- 
tude of the problem of staphylococcal infection was concerned with cases of 
bacteremia demonstrated during life.* For this purpsse, the records of all 
patients from whom blood cultures were obtained that yielded hemolytic 
Staphylococcus aureus were reviewed in an attempt to determine the relation- 
ship of the positive blood culture to the disease in the patient and, where pos- 
sible, to evaluate the therapy that was used. In this portion of the study, 
which is still in progress, we encountered major difficulties. 

Clinical significance of staphylococcal bacteremia. In the first place, regard- 
less of the bacteriological criteria used, which here, too, included primarily 
morphological characteristics of the colonies when transplanted to blood-agar 
plates and tests for coagulase production in many instances, we encountered 
apparently pathogenic strains of staphylococci that, when correlated with the 
clinical findings, must be considered either as transients or as contaminants 
in the blood stream. It was by no means a simple task to determine whether 
an organism fell into one of these categories or was actually a cause of the pa- 
tient’s disease. At this hospital, as elsewhere, blood cultures are drawn pri- 
marily from patients with febrile illnesses and, most often, from patients with 
symptoms that are indicative of infections that may be serious. The known 
high carrier rate and prevalence of pathogenic staphylococci in the nose, throat, 
and skin of hospital personnel and of patients, as well as the large numbers of 
the same organisms found in the environment in many large hospitals (and 
presumably also in this hospital, although this condition was not studied spe- 
cifically) offer ample opportunities for contamination with such pathogenic 
strains. eRe 

Variety of staphylococci found in blood cultures. Nevertheless, it is of interest 
to note these very preliminary figures for cases in which various kinds of staphy- 
lococci were obtained from blood cultures. These are shown in TABLE 3. Here, 
too, the classification is based primarily on pigment production and hemolysis 
on blood-agar plates. The isolation and identification was carried out in the 
hospital bacteriology laboratory. Many of these strains, however, have been 
studied or stored for future study in our laboratory, but the data on them are 
not included in this analysis. The patients classified as showing Staphylococcus 
aureus had such strains, with or without hemolysis, in 1 or more blood cultures, 
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TABLE 3 
PATIENTS WITH BACTEREMIA AT Boston City HospiTaL, 1955 
Staphylococcal Bacteremia 


| 
Variety* Number | Died | % Died 
| 

aureus,with or without hemolysis............-- | 196 89 | 45 

LOTMA Santolhaiser ao Sou Sae oe on cebe tias te Aas | 106 38 | 36 

HE gem MACE: sacaccaucuocasnontcecoe- | 90 | 51 | of 
GUDUS ys el rss ee ee ee ee ee | 384 70 | 18 

Other Bacteremias 

[Payeqonnavorerorereuls) (1NANel)) soo 78 Escherichia coli M.S eee 67 
YFG NOC EHIS WE HINOT IS Ra Al? Protets; SPCClES: ars -aructe tat eels eee 64 
EimlCrOCOCCUS)<pysey aerinesters mastel rc rel arene HAN A eroUacter Ger OkeneS ner. iar 54 
IMienim OC OCEUS i aay ements tian dil Bacillus fecalis alcaligenes............- 19? 
Hemopialus infiuenzae.©.............- 6 Pseudomonas aeruginosa............-- 13 
ISTE PLOCOGGUS IPN OSENES utente erste: 4 Klebsiella pnewmoniae..............-. 3 
Microaerophilic Streptococcus.......... 3 Salmon.) Donde ne eats oat ee 1 
GOnOCOCCUS Sate Risen eee ae ae 2 Bacler ord ess ncctoe has een ee 1 


* The numbers, particularly those on mortality, are preliminary and uncorrected. All patients with blood 
cultures positive for the organisms listed are included, and some patients are included under more than one or- 
ganism. ? denotes that many of these cultures were thought to be contaminants (often mixed with other species). 
There were, in addition, 11 patients, not listed, whose blood yielded Candida, and 364 from whose blood only or- 
ganisms considered to be contaminants were grown (these include: diphtheroids, Bacillus subtilis, unidentified 
chromogenic gram-negative bacilli, Micrococcus tetragenus, Micrococcus citreus, and Neisseria flavus). Cultures 
of blood taken post mortem are not included in this table. 


but may also have had Staphylococcus albus. On the other hand, cases listed 
as showing Staphylococcus albus had blood cultures yielding only this organism 
on 1 or more occasions. The data on mortality are preliminary and uncor- 
rected. 

It is seen that 18 per cent of the 384 patients from whose blood cultures 
Staphylococcus albus was isolated ended fatally. While these figures may bear 
little if any relation to the problem of staphylococcal infections, except perhaps 
as they add to difficulties in interpretation, there is little doubt that some of 
these organisms were significant in an occasional case, as for example where 
there was either a definite diagnosis made of bacterial endocarditis or where 
there was a high likelihood that that disease was present. Patients with 
Staphylococcus aureus in 1 or more blood cultures numbered 196 and, of these, 
89 died, a mortality of 45 per cent. Some of these patients had Staphylococcus 
albus in the same or different cultures. 

Some of the difficulty in interpreting these figures is seen from the further 
breakdown of the cases having Staphylococcus aureus. This tabulation indi- 
cates that among the 106 patients whose blood cultures at any time yielded 
hemolytic Staphylococcus aureus there were 38 deaths, or 36 per cent, whereas 
among 90 from whom only nonhemolytic Staphylococcus aureus was obtained 
from blood cultures during life there were 51 deaths, a mortality of 5 per cent. 
To be sure, in many of the latter cases where autopsies were performed, Staphy- 
lococcus aureus showing definite hemolysis was isolated, often in pure culture, 


from materials obtained post mortem. The significance of these figures is by 
no means clear. 
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Bacteremia due to organisms other than staphylococci. The numbers of pa- 
tients in whom bacteria of various other genera were obtained from blood cul- 
tures during life are also shown in TABLE 3. They are of interest here mainly 
because they attest to the primary position of the Staphylococcus among bac- 
teria causing invasive infections at the present time. Such data, particularly 
when studied in greater detail and in relation to similar material obtained at 
different times and under comparable circumstances, may shed some light on 
some of the over-all effects of the general use of antimicrobial therapy. 

Varieties of staphylococci occurring in same patient. In regard to the varieties 
of staphylococci it is also worth noting that both hemolytic and nonhemolytic 
colonies of Staphylococcus aureus were obtained on a number of occasions from 
1 and the same culture in many instances, and sometimes from different 
cultures in the same patient. This was well illustrated in a patient with pro- 
longed bacteremia whose blood cultures yielded staphylococci repeatedly over 
a period of 4 months and were negative on only 4 occasions. Some of these 
cultures yielded only hemolytic Staphylococcus aureus, others only nonhemolytic 
Staphylococcus aureus, and still others, both types from the same culture. The 
oniy other organisms grown from the same series of blood cultures were ‘“diph- 
theroids.”” These occurred alone on 3 occasions and together with staphylo- 
cocci in 7. Interestingly enough, Staphylococcus albus was never grown from 
any of these blood cultures, numbering 70 in all. Staphylococcus albus, how- 
ever, was cultured from the original wound that was presumably responsible 
for the infection. The only other cultures made from the exudate of this 
wound yielded a nonhemolytic Staphylococcus aureus. A diphtheroid was also 
grown from the same wound cultures on both occasions. The last 5 cultures 
before death yielded only hemolytic Staphylococcus aureus. At autopsy, blood 
obtained from the right ventricle and from the inferior vena cava, as well as 
cultures of the tricuspid valve and of the left lung, all yielded hemolytic Staphy- 
lococcus aureus. The spleen, on the other hand, yielded nonhemolytic Staphy- 
lococcus aureus in pure culture, and the right lung yielded a moderate number 
of staphylococcal colonies, some of which were hemolytic and others nonhemo- 
lytic. 

While it has been tempting to ascribe changes in morphology and growth 
characteristics to acquisition of resistance or to other effects of the therapeutic 
agent used, the possibility of successive or concurrent invasions by strains of 
different susceptibility, as permitted by the therapy employed, has also to be 
considered. This is also illustrated in the following case from an earlier survey 
of antibiotic resistance of staphylococci at this hospital.! The data shown in 
TABLE 4 indicate that at intervals of 4 days the organisms cultured from the 
blood changed in their susceptibility to penicillin and oxytetracycline. The 
first culture before treatment was started was sensitive to both of these anti- 
biotics, but 4 days after the administration of penicillin the strain was resistant 
to penicillin but still sensitive to oxytetracycline. Four days after that, the 
patient having received oxytetracycline in the interim, the organisms isolated 
from an abscess and from the blood were highly resistant to both penicillin and 
oxytetracycline. As might be expected, the original strain did not produce 
penicillinase, but the other 3 strains did. It would have been tempting to as- 
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TABLE 4 


ANTIBIOTIC SUSCEPTIBILITY OF STRAINS OF HEMOLYTIC 
SITAPHYLOCOCCUS AUREUS IN ONE PATIENT 


| M.1.C-$ 
Date* Source Previous therapyt |——— as — 
| P | oT 
—— oo =—— 2 ——= | -| 
4 
16 Jan. blood | O 0.04 
20 Jan. | blood 1 > 400 | 4 
24 Jan. abscess P, OT > 400 > 400 
24 Jan. blood 12 (O)i8 > 400 | > 400 
Tajoss ; a z - = 


+0 = none, P = penicillin, OT = oxytetracycline. 
t M.I.C.—minimum inhibiting concentration, ug. per ml. 


sume that in this case the organisms acquired resistance in the body. This 
patient had a repair of an arteriovenous aneurysm, however, and an infection 
occurred at the site of the repair. Unfortunately, a culture of the abscess that 
developed was not obtained until the time of the last of these blood cultures 
and, at that time, it yielded organisms resistant to both of the antibiotics that 
had been used. It is presumed that the original infection of the blood stream 
was with a sensitive strain and that resistant strains prevalent in the patient or 
his environment reinfected or simultaneously infected the wound. The original 
sensitive organisms were eliminated by treatment, and the organism finally 
cultured from the blood was resistant to both of the antibiotics that had been 
used. 


Evaluation of Chemotherapy 


The exact significance of the matters discussed thus far to the problem of the 
efficacy of the currently available antibiotics is by no means clear, but these 
drugs certainly have some important bearing. In the first place, the findings 
in a large proportion of the patients in whom staphylococcal infections were 
demonstrated and bacteriologically confirmed at autopsy, and even in those 
in whom no clear-cut or advanced staphylococcal infections were observed but 
from whom staphylococci of apparently pathogenic strains were cultured from 
the vital organs, indicate that staphylococcal infection may have been respon- 
sible for, or at least contributed to, the fatal outcome. In some, the conditions 
suggest terminal, if not preterminal, invasion, and do not necessarily give a 
true indication of the effect of antibiotics. To be sure, many of these patients 
had received one or more antibiotics, either simultaneously or in succession. 
Of these, a respectable number were treated according to the results of tests 
of sensitivity of the strains available ante mortem. As already mentioned, 
however, the bacteriologic data do not give clear or decisive indications as to 
the amount of pathology ascribable to the Staphylococcus; nor can it be said 
that all, or even the majority, of these patients died under conditions in which 
the Staphylococcus could be considered as the cause of death, although the 
probability that it contributed to the fatal outcome must be entertained. Un- 
doubtedly, also, some of these patients had an insufficient period of treatment 
to indicate that these were treatment failures. The majority of cases, however, 
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were serious and fatal diseases in the aged and, in many of them, the staphylo- 
coccal infection was not suspected and therefore was not treated. In other 
cases, treatment had been given empirically because of the occurrence of fever 
and, in many of these patients, staphylococci or other organisms were cultured 
from various sites and treatment given accordingly. 

It was thought that a survey of the data in patients from whom positive blood 
cultures were obtained during life would be more revealing since it could be 
considered that such patients had serious staphylococcal infections. A pre- 
liminary review of the data in these cases, however, including many where there 
was an opportunity to follow the course of the illness rather closely, indicates 
that the evaluation of the effects of antibiotic therapy is extremely difficult. 

The nature of the staphylococcal infections is such that the efficacy of treat- 
ment in mild cases of simple superficial infection or even of deeper and more- 
extensive infections such as carbuncles is difficult to evaluate. Such patients 
usually recover spontaneously or under simple surgical management supple- 
mented, when indicated, by incision anddrainage. The addition of chemothere- 
apy may have considerable bearing on the invasiveness of the infective agent 
and on the rate of healing or on the necessity for surgical interference, but this 
becomes a difficult matter to evaluate in any single case or in any group of cases. 
Moreover, some evidence of invasiveness as indicated by lymphangitis, or bac- 
teremia, or both, while generally indicative of severe infection, is frequently 
followed by rapid defervescence in the absence of chemotherapy and under 
only simple and conservative management. This occurs frequently enough to 
warrant caution in ascribing beneficial effects to antibiotic treatment in any 
given case merely because the antibiotic was used. 

In severe cases with bacteremia, particularly those with deep-seated infec- 
tions, whether they be in the lung, in bone, in body cavities, or in deep tissues, 
the evaluation of therapy is even more difficult. In these cases it is well recog- 
nized, as both a medical and surgical principle, that treatment with a specific 
antibacterial agent, in order to be effective, must be early, intensive, and pro- 
longed. This is particularly true where areas of suppuration have already 
developed and have localized, in situations where they are not readily acces- 
sible to evacuation, or where the condition of the patient does not warrant 
immediate exploration. Under such conditions, particularly where the causa- 
tive organisms are not available for study, treatment must be started empiri- 
cally. By the time the organisms become available, there may be a change for 
the better or worse in the condition of the patient. 

It takes a certain amount of experience, courage, and tenacity to persist in 
the treatment regimen originally outlined when, for example, the results of a 
culture from the blood or drainage site or from a site other than that of the 
principle lesion yields an organism that, by the tests used, must be interpreted 
as insensitive to the antibiotics that are being given at the time, even if the 
condition of the patient indicates a favorable response to treatment. It is 
well known, moreover, that even in infections where organisms are sensitive 
and where, either because other antibiotics are not available at the time or 


because the organism is found to be highly susceptible, treatment is continued, 


severe symptoms and even the bacteremia may persist for several days, and 
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clinical improvement may nevertheless follow, although it may be very slow. 
Eventually, recovery may be complete without change in therapy. If the 
organisms are insensitive to the agents being used it is difficult for most physi- 
cians to resist changing the therapeutic regimen, even in spite of improvement 
on the part of the patient that suggests that a therapeutic effect is 
being achieved. This is all the more true if there is no clinical improvement, 
if bacteremia persists, or if the lesion appears to be progressing. Nevertheless, 
in many instances where the change is not made, either because no other avail- 
able agent appears to be effective in vilro against the organism that was tested 
or for other reasons, the patients may go on to uneventful recovery. 

Many case reports could be cited from the clinical material just -reviewed 
that would illustrate these and other problems arising in the course of evaluat- 
ing chemotherapeutic agents in staphylococcal infections. This, however, 
would not be fruitful in relation to the over-all purpose of this monograph, nor 
would it be particularly rewarding to cite, in detail, reports from the literature, 
of which there are, of course, many. On the whole, the great majority of such 
reports have dealt with individual cases or with small groups of cases from which 
generalizations may be difficult. Another large number of reports has dealt 
with special groups of cases such as pleural and pulmonary infections, osteo- 
myelitis, or endocarditis, and among these are very few recent reports in which 
adequate advantage has been taken of all of the currently available agents used 
under proper bacteriologic control. Finally, there is a sizable number of pa- 
pers intended particularly to bring out the effects of individual antibiotics, 
particularly new ones that are being investigated. 

Perhaps 1 important point looms up from these reports that may be worth 
mentioning, even though it may not be entirely proper to do so here, since this 
paper was, perhaps, expected to dwell primarily on the efficacy of other and 
newer agents. This point is so striking, however, although now so frequently 
neglected when dealing with staphylococcal infection, that it should be men- 
tioned. It is the high degree of efficacy of penicillin when properly used with 
respect to dosage regimen, duration of therapy, and in the proper types of cases, 
particularly those with submerged infections due to initially sensitive strains. 
This was brought out recently by Fisher, Wagner, and Ross? in their report on 
staphylococcal endocarditis from Johns Hopkins Hospital, Baltimore, Md. 
It is also noteworthy in the many reports of cases of acute primary hematogenous 
osteomyelitis. 

The effectiveness of penicillin in early cases of primary hematogenous osteo- 
myelitis cannot be overemphasized, and it is noteworthy that, in the great 
majority of patients now admitted with this type of lesion, the organisms are 
sull susceptible to penicillin and yield to treatment without surgery. It appears 
Important to avoid surgery unless abscess formation with pressure has already 
taken place, and even then to invoke a minimum of surgical intervention, 
limited to simple drainage, every effort being made to avoid contamination 
from without. The greatest danger is from introducing new and resistant 
strains from the contaminated environment. 

Resistance to antibiotics. The development of resistance in originally sensi- 
tive strains in deep lesions, as brought out in other papers and discussions in 
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this monograph, is probably not an important problem, provided that the 
lesion does not have access to contamination with new and resistant organisms. 
When a systemic infection has originated from a surface lesion that is still 
accessible to such contamination, the problem of antibiotic resistance of the 
new strains may assume major importance. 

The problem of antibiotic-resistant staphylococci has been touched upon only 
casually. A review of the literature on this subject that was presented in con- 
siderable detail elsewhere® has yielded only hints here and there as to possible 
methods for the control of the spread of such strains. Unfortunately, al- 
though a number of methods have yielded some measure of temporary success, 
there is as yet no real evidence that any of these measures has brought a lasting 
solution to this problem. No clear solution has been advanced to the problem 
of chemotherapeutic management of serious infections caused by such antibi- 
otic-resistant strains, except by careful individualization with intensive bac- 
teriologic control. 

Because prolonged and intensive therapy is required to eliminate staphylo- 
cocci from established lesions and, either because staphylococci are genetically 
more vulnerable than many other species to the development of increased 
resistance or because resistant variants are already available in greater numbers 
than among many other species of pyogenic organisms, the problem of emer- 
gence of resistant strains of staphylococci during antibiotic therapy may assume 
considerable importance. In instances of infections that are not accessible to 
contamination by new strains from without and where the infection may be 
presumed to be due to a single strain, this problem can probably be coped with 
adequately by the use of combinations of antibiotics in much the same manner 
as in the treatment of tuberculosis. Observations im vilro* have indicated that 
combinations of antibiotics, each of which is initially active, may delay the 
emergence of resistance and keep it at a lower level when it occurs. While 
this may be expected in clinical therapy, confirmation in large numbers of pa- 
tients is needed, and optimum dosage regimens for such combinations need to 
be determined. 

Relation to surgery. Finally, it is worth noting that staphylococcal infections, 
which historically have fallen within the province of the surgeons, like many 
other types of infections formerly within their domain, have suffered to some 
extent by the dichotomy of the types of therapy available for the management 
of such cases. This has resulted, on the one hand, in a failure on the part of 
many surgeons to recognize the full potentialities of conservative, nonsurgical, 
treatment which the rational use of antibacterial agents permits and, on the 
other hand, in either the persistence of the medical man in continuing treatment 
in the face of obvious failure or, on the other extreme, in his willingness to give 
up too soon when faced with pressure from impetuous surgical colleagues. It 
is this state of affairs that still permits many otological surgeons to perform 
large numbers of mastoidectomies, and thoracic or general surgeons to deprive 
many patients of part of one or more of their ribs, while others among their ols 
leagues, with at least equal skill but with more patience and perseverance, 
rarely find it necessary to perform such operations except under unusual, spe- 


cific, and well-defined circumstances. 
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In the case of staphylococcal infections this is perhaps most evident with 
respect to the management of cases of acute hematogenous osteomyelitis in 
which failure to recognize the normal evolution of the process under properly 
administered chemotherapy has resulted in operative interference under con- 
ditions in which complete recovery without such intervention, and with even- 
tual complete restoration of function and normal anatomic structure, could 
have been expected with continued and intelligently directed chemotherapeutic 
management alone. Surgical interference under such circumstances has re- 
sulted, in many instances, in secondary invasion with resistant organisms that 
have altered the prognosis with respect to early or complete recovery and have 
necessitated the use of many other agents that would otherwise not have been 
required. 

Fortunately, there has emerged in the antimicrobial era a group of surgeons 
who have become intimately concerned with evaluation of the potentialities of 
such agents in limiting the requirements for surgery or, more properly stated, 
in delineating the scope of surgical and conservative antimicrobial therapy 
in the best interest of the patient. In certain staphylococcal infections, as 
already intimated, there are recognized indications for well-timed surgical 
intervention that may spell the difference between success and failure of ef- 
fective chemotherapeutic agents. In others of these infections such indica- 
tions could be worked out by careful observations in large numbers of patients 
with properly controlled studies. 

Adrenocortical hormones. Finally, some mention may be made of the use of 
adrenocortical steroids in staphylococcal infections. Many cases have now 
been encountered in which disseminated and rapidly fatal staphylococcal in- 
fections have occurred in patients while they were under treatment with corti- 
sone for such serious skin diseases as exfoliative dermatitis and pemphigus, 
and sometimes for less serious illness in which the indications are far from clear. 
In some of the patients, however, fulminating staphylococcal infections have 
followed the use of cortisone in the treatment of shock from various causes or 
in serious infections other than staphylococcal where the indication was doubt- 
ful. The effect of cortisone on the ‘‘toxemia”’ of severe staphylococcal infec- 
tion cannot be evaluated from the data available thus far. The findings in 
some of the fatal cases in which it was used suggest that it may have contributed 
to an aggravation of the infection. Without more detailed study, however, 
this is as difficult to assess as are the alleged benefits ascribed by others to its 
use in cases that progressed favorably. 


Comment 


The observations presented here were made as part of a series of studies 
designed to determine the real magnitude and clinical significance of the staphy- 
lococcal infections that are being encountered. It is hoped, of course, that 
these, together with the many other studies currently in progress in many 
clinics and laboratories will in turn permit a more rational approach to the 
problems of management and control of such infections. Obviously the whole 
problem is a dynamic one, but it is difficult, from available data, to determine 
to what extent staphylococcal infections have been altered by the availability 
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and widespread use of increasing numbers of highly active antimicrobial agents. 
Comparisons of the data presented here with those from other sources are not 
justified, and may be misleading unless very similar types of material are con- 
sidered. ; 

In addition to more detailed studies on several aspects of the material pre- 
sented, it is planned to obtain similar data from this hospital from previous 
years in order to get a better view of the over-all picture as it has developed. 
Only when such data have become available and have been properly analyzed 
will it be possible properly to assess the material presented here and to deter- 
mine whether staphylococcal infections have actually increased in incidence, 
severity, and resistance to available methods of treatment, including antimicro- 
bial therapy. Unfortunately, the large amount of valuable literature dealing 
with the antibiotic resistance of staphylococci that has been accumulated in 
recent years, although it has shed much light on the epidemiology of staphy- 
lococcal infections, has not brought adequate answers to these equally impor- 
tant questions. 


Summary 


Data have been presented on the kinds of staphylococcal infections currently 
being encountered at the Boston City Hospital. Some of the problems in- 
volved in the evaluation of antimicrobial therapy in such infections have been 
discussed. 
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STUDIES ON STAPHYLOCOCCI FROM HOSPITAL PATIENTS: 
II. EFFECT OF ANTIMICROBIAL THERAPY AND 
HOSPITALIZATION ON CARRIER RATES* 


By Vernon Knight, Arthur White, Frances Foster, and Thelma Wenzel 


The George Hunter Laboratory, Department of Medicine, V anderbilt University School of 
Medicine, Vanderbilt University, Nashville, Tenn.; an the Medical Service and Research Labor- 
atory of the United States Veterans Administration Hospital, Nashville, Tenn. 


We have reported that the staphylococcal flora of a hospital patient popula- 
tion was characterized by a high predominance of strains that were lysed by 
Group III staphylococcal bacteriophages and were resistant to several anti- 
microbial drugs.!. This study revealed that new patients did not carry signifi- 
cant numbers of staphylococci of these characteristics, but that the staphylo- 
cocci did appear in cultures taken during hospitalization, at rates that were 
highest among patients who were receiving tetracyclines, lower among patients 
receiving penicillin, and least when no treatment was given. In the demonstra- 
tion of this remarkable qualitative alteration in staphylococcal flora, sufficient 
data were not obtained to learn whether there were associated quantitative 
changes in the staphylococcal carrier state. 

For this reason a further investigation was made that was designed to verify 
the existence of the phenomena already described and to provide data sufficient 
to evaluate the carrier state in the presence of these changes. The results of 
this latter investigation confirmed the findings of the earlier report, namely, 
that there existed a reservoir of phage Group III multiple drug-resistant staphy- 
lococci in hospital patients and that organisms with these characteristics ap- 
peared in cultures from new patients under conditions previously described. 
In addition, cultures were taken frequently enough to permit an estimate of the 
possible effect of antimicrobial therapy and hospitalization on carrier rates. 

In the present report consideration will be given to the questions relating to 
carrier rates and, in a subsequent communication,” the observations confirma- 
tory of the previous studies of antimicrobial susceptibility and phage grouping 
will be reviewed. 


MATERIALS AND METHODS 
Source of Patient Subjects 


The patients on a 30-bed medical ward of the United States Veterans Ad- 
ministration Hospital, Nashville, Tenn., were selected for study. Nose and 
throat cultures for staphylococci were made daily, Monday through Friday, 
except holidays, each week, from January 24 to June 17, 1955. An attempt 
was made to obtain a culture from every patient each day. This effort was 
about 90 per cent effective. In the course of the study 227 different cases were 
cultured that, except for 5 readmissions, represented different patients, all but 
1 of which were adult males. Many of the patients were not acutely ill, and 
chronic cardiac disease, often with decompensation, chronic pulmonary disease, 


* This study was supported by funds from grant E845 of the National Institutes of Health, Department of 


Health, Education, and Welfare, Bethesda, Md.. and fro r i ivisi 
sep Grideraid: Cater eee toe aap dtrom a grant from the Lederle Laboratories Division, Amer- 


206 


Knight e¢ al.: Effect of Antimicrobial Therapy 207 


peptic ulcer, neoplasia, and cirrhosis were the most frequent diagnoses. Clini- 
cal information and a record of doses of antimicrobial drugs were collected each 
day by a member of the investigating team on all patients from whom cultures 
were taken. Patients who received antimicrobial treatment were usually ill 
with some type of pulmonary infection. 


Bacteriological Procedures 


Collection of specimens. Cultures were made with sterile, cotton-tipped 
swabs, moistened with sterile broth just before use. The same swab was in- 
serted about 1 inch into each nostril for nose cultures, and a separate swab was 
streaked over the lateral and posterior pharyngeal walls for throat cultures. 
After use, the swabs were inserted into tubes containing a small volume of sterile 
broth and were promptly returned to the laboratory. Each nose and throat 
swab was streaked over the surface of one half a culture plate, except for a short 
period during the study when a loopful of broth from the carrying tube was 
used as inoculum. After overnight incubation, colonies microscopically and 
macroscopically resembling staphylococci were tested for fermentation of man- 
nitol, hemolysis of sheep’s blood, and coagulase production. Pigmentation 
was recorded from the original culture plate. The coagulase test was performed 
by the method of Chapman ¢é al.,’ using a loopful of surface growth in one-half 
ml. of blood-bank plasma. Tests were incubated at 37° C. in a water bath and 
read at intervals for 3 hours. Tests with negative readings were again ex- 
amined after overnight incubation. 

As a policy of the study only 1 staphylococcal colony from each culture was 
preserved, with preference being given to coagulase-producing strains. Very 
frequently 2 or more colonies were subcultured, however, in an effort to detect 
coagulase-positive staphylococci. 

Primary isolation was carried out on 0.02 per cent sodium azide blood agar* 
in the period January 24 to March 1, 1955, except for a few days when phenyl- 
ethyl-alcohol medium was used. After March 1 the concentration of sodium 
azide was reduced to 0.01 per cent and this was used until April. At this point 
the basal peptone medium,t without inhibitors but with 5 per cent human 
blood, was used until May 25, when 0.02 per cent sodium azide medium was 
again employed. 

The effectiveness of sodium azide blood agar and the basal peptone blood 
agar in the isolation of coagulase-positive staphylococci was compared by inocu- 
lating each of a large number of nose and throat swabs obtained in the study on 
one half a plate of each medium. Later, a similar study was performed com- 
paring sodium azide blood agar with Chapman-Stone medium, f using swabs 
obtained during a different period of the study. The results ot these 2 com- 
parisons may be seen in TABLES 1 and 2. 

Cultures on azide medium and peptone medium (raB1E 1) yielded 7.6 and 10.1 
per cent, respectively, containing coagulase-positive staphylococci. Only 5.4 
ies, Inc., Detroit, Mich. Five 


* Sodium azide (0.02 per cent) agar medium obtained from the Difco Laborator 


i human blood was added before use. ; q : ; ; 
ra tatines tarypicdee soy broth, Baltimore Biological Laboratories, Baltimore, Md., or tryptic soy 
broth, Difco). The medium contains an enzymatic digest of casein and soya meal. Five per cent blood was 
a es medium for isolation of staphylococci. This medium contains 5.5 percent sodium chloride. 
Obtained from the Difco Laboratories, Inc., Detroit, Mich, 


208 Annals New York Academy of Sciences 
TABLE 1 
COMPARISON OF AzIDE BLoop AGAR WITH PEPTONE BLOOD AGAR IN 
THE PRIMARY ISOLATION OF COAGULASE-POSITIVE STAPHYLOCOCCI 
Azide blood agar 
positive positive negative Total azide blood | Total peptone 
Nanaia agar blood agar 
umber Lin sitiv 
of Peptone blood agar pees A iat 
cultures 
positive negative positive 
| e | y 
Number | Per cent | Number | Per cent | Number | Per cent Number Per cent Number, Per cent 
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ae 
a7 | is) | Si | | eae) ia SY ter) 2) et eee 


per cent of the swabs, however, gave positive cultures on both the media, with 
2.2 and 4.7 per cent appearing on azide blood agar or peptone blood agar only. 
The total yield of different positive cultures from both media was accordingly 
12.3 per cent. A similar result was observed in the comparison with Chap- 
man-Stone medium (TABLE 2). The total yield of different positive cultures 
on both media was 16.4 per cent. These comparisons suggest that the differ- 
ences in the effectiveness of these media in the isolation of coagulase-positive 
staphylococci are not large and that the use of 2 kinds of media, or 2 inde- 
pendent uses of the same medium, might increase the yield of staphylococci by 
25 to 50 per cent. Comparisons further suggest that the true detectable yields 
by these methods are no more than double the rates found by a single culture. 
Cultural and biochemical reactions of the staphylococci isolated in the study 
are as follows: j 
Coagulase-positive staphylococci. Among 649 strains studied, 85.2 per cent 
(553 strains) were hemolytic, 95.8 per cent (622) fermented mannitol, 74.3 
per cent (482) were gold or orange colored, 18.6 per cent (121) were cream 
colored, and only 7.1 per cent (46) were nonpigmented (white). 
Coagulase-negative staphylococci. Among 2210 strains studied, 75.5 per cent 
(1669 strains) were hemolytic (any degree of observable hemolysis was con- 


TABLE 2 


COMPARISON OF AZIDE BLoop AGAR WITH CHAPMAN-STONE MEDIUM IN THE 
PRIMARY ISOLATION OF COAGULASE-POSITIVE STAPHYLOCOCCI 


Azide blood agar 
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sidered as a positive test), 10.9 per cent (243) fermented mannitol, 61.0 per cent 
(1370) were nonpigmented, 24.6 per cent (544) were cream colored, and 13.3 
per cent (296) were gold to orange colored. 


RESULTS 


The carrier rates of coagulase-positive and coagulase-negative staphylococci 
in the nose and throat and the proportion of patients receiving antimicrobial 
drugs during the 5!5 months of the study are described in FIGURE 1, and in 
TABLES 3, 4, and 5. Coagulase-positive staphylococci were found most fre- 
quently in nose cultures in percentages by weeks, ranging from 8 to 36 with a 
mean of 19.2. A total of 2439 cultures was taken during the whole study, the 
numbers each week ranging from 86 to 135. Approximately the same number 
of throat cultures was taken, but the weekly percentage rates for coagulase- 
positive staphylococci were lower, ranging from 1.9 to 14.8 per cent, with a 
mean of 7.5 per cent. 

Coagulase-negative staphylococci were much more frequent, especially in 
nose cultures, where an average of 73.3 per cent positive cultures was observed. 
This figure was lower than the number that actually occurred since, in many 
cultures containing coagulase-positive staphylococci, coagulase-negative strains 
were also isolated, although they were not preserved for the study. Coagulase- 
negative organisms were isolated less frequently in throat cultures, with a mean 
rate of 17.8 per cent observed. Because of the high frequency of occurrence 
of coagulase-negative staphylococci in the nose and the alteration in the true 


WEEKS, 1955 FEBRUARY MARCH APRIL MAY JUNE 


@---@ COAGULASE-NEGATIVE “ ry. 
mums COAGULASE-POSITIVE ass 4 Mo SO 
ea NM. Nye cea ? NOSE 
»-- 7 » ’ 
“ e y of 
=A e-._ 6” \ 2 
SAA fo ee ae ‘oo 
cCOCcC! 60 eh 


THROAT 


ue MISCELLANEOUS 


TREATMENT 
10 


among hospital patients during consecutive weeks for 514 
ial therapy indicated at bottom of figure 


FicureE 1. Survey of staphylococcal carrier state 


months. Kind and amount of antimic rob 


210 


TABLE 3 
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CARRIER RATES OF STAPHYLOCOCCI IN THE NOSES OF HOSPITALIZED PATIENTS 


Coagulase-positive 


Coagulase-negative 


Week Total number 
(1955) of cultures 
Number Per cent Number Per cent 

aime 24" Gene eens eeasis IBS 30 22.2 90 66.7 
Jamaal eer ee eee 130 27 20.8 87 66.9 
RED ei en erase li 24 PR VATS 69 62.2 
eb alae rs aincte ae 1S 41 Bi awh 68 59.1 
Rebs 2iea. eee 96 23 24.0 65 67.7 
HE D=e2 Siamese ete 125 37 29.6 84 Oinaz 
INV c/a 114 27 Pee 85 ~ 74.6 
Mar. 14 127 29 22.8 94 74.0 
IM PAM Sono. Hoes AT) 18 14.2 101 79.5 
INIBTE, QBho ooo ome a 128 24 18.8 98 76.6 
YaNionies 4 Geo Bisco o\od oe 3 122 12 9.8 106 86.9 
Jaen allie oraiclch Gc Getic. 130 18 15ee 99 76.2 
ADT ALS crs nkess th) sees 114 15 Sez 81 (ileal 
AD ie Seemann 124 16 12.9 103 83.1 
(Maye 2 ee sees ore 106 19 17.9 15 70.8 
IM aiys 9 Soearen Se te ee 123 30 24.4 78 63.4 
INV EN ANOS Ge cea a aiuc ack 120 29 24.2 80 66.7 
VIER RORY no fete c ona or 94 14 14.9 fe TEAM 
May 30 86 7 8.1 76 88.4 
Wet e 108 15 13.9 88 | 81.5 
Jf Se 104 15 14.4 87 Sse 

Total. |2.cs.4-- 2439 470 19.2 1787 1 aes 

TABLE 4 


CARRIER RATES OF ST 


APHYLOCOCCI IN THE THROATS OF HOosprtalizep PATIENTS 


Coagulase-positive 


Coagulase-negative 


Week Total number 
(1955) of cultures = = = 
Number Per cent Number Per cent 
z = — = eS ee = —- 

Nantoteer: So eaee. 128 19 14.8 9 4 904 
fangs eee 129 8 6.2 13 | PO 4k 
Pelagia, ais Wak 111 9 | Sf 15 ee 
Febe fd 0 9 ou: 116 15 ) Age 17 | 14.7 
Rebrol so). , cos, 88 12 | 13.6 20 | 23.7 
i ay ee 125 18 14.4 25 | 20.0 
Mario. eae cen 110 8 pe 12 10.9 
Marie) Saw 127 8 6.3 15 | 11.8 
Mar. 21 126 8 6.3 27 21.4 
Mar. 28 126 6 4.8 14 in 
Apr. 4........ 120 4 3.3 21 Tepe 
Apratl.-heegeal! 129 13 10.1 23 . 172 
Apr. 18 113 8 wed i0 | 8.8 
Apr. 25.....-. 120 4 ce 20 16.7 
May Ovce shea, oe 103 2 1.9 30 29.1 
May 9 121 5 4.4 24 19.8 
May 16 118 6 5.1 27 22.9 
May 23........... 92 4 4.3 20 21.7 
May 30........... 85 4 4.7 9 10.6 
June6........ 105 7 6.7 21 20.0 
June 13......_ 101 1 10.9 31 30.7 
Motdlacccs ack: ssi | ees08 179 7.5 425 17.8 
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TABLE 5 


PER CENT o Nasal CULTURES FOR STAPHYLOCOCCI TAKEN DuRING PENICILLIN 
(ALONE OR WITH STREPTOMYCIN), TETRACYCLINE, OR OTHER 
COMBINATIONS OF ANTIBIOTIC TREATMENT 


Cultures during Cultures durin = i 
Week sere tak penicillin treatment cycline ene eee 
cultures ; l —— = 

Number Per cent Number Per cent Number Per cent 

pan 2G. ae Oe 135 10 7.4 6 
ae 130 10 Ee 5 38 is 115 
febeTo.......... o eth Slat PAs Nh ees 1.8 11 9.9 
Heh. 14........ . 115 10 | 8.7 7 6.1 1s 11.3 
“7 5); ee . 96 10 10.4 rl 14.5 5 52 
Feb. 28........... “| 495 21 | 16.8 17 13.6 5 4.0 
a rs i14 18 15.8 13 11.4 0 0.0 
Mae |. 197 aye | 45.7 9 74 4 oe 
Rie ... cw...) 127 igs a) Sy 5.5 4 aS 
SS ee 128 19 14.8 14 10.9 7 ae 
oy) ee 122 Peek i23e 09 74 10 8.2 
St) eee 24] 2430 11 Belle ay 13.1 4 aol 
ee ncc--| 1A 19 16.7 18 15.8 3 2.6 
J eee 124 18 {4:5 4 91 16.9 3 2.4 
Maw Re cists vee. 106 9 bee pes ay) 8 Hes 
“= ee 123 6 4.9 >I 3 2.4 9 be 
Mik 16-0... 120 1 ora ng 0.0 8 6.7 
May 23.. 04 2 21 0 0.0 5 ee 
VCC ak,| ere 86 2 F3.N 0 0.0 4 A 
erie G26 108 5 4.6 | 0 0.0 1 0.9 
June 13. 104 9 8.7 0 0.0 80 0.0 
Total..:...........| 2439 241 9.9 | 165 6.8 | 138 Sy 


rates resulting from discarding those cultures found in the presence of coagulase- 
positive strains, a full analysis of these data was not made. 

Nose cultures taken from patients on days when they were receiving anti- 
microbial treatment were enumerated, and they are shown at the lower portion 
of FIGURE 1 and TABLE 5 as the per cent of all cultures taken during each week. 
This provides an index of the use of antimicrobial therapy in the study. Peni- 
cillin was the most frequently used antimicrobial drug, and it was given most 
intensively during March, April, and the first half of May, when approximately 
15 per cent of cultures each week were obtained from patients treated with this 
agent. Some of the patients receiving penicillin also received streptomycin, 
which is not otherwise indicated. Tetracyclines were given to a lesser extent, 
most frequently, however, during the period of heavy use of penicillin. Mis- 
cellaneous regimens that included sulfonamides and combinations of several 
currently available antimicrobial drugs were given to a small percentage of pa- 
tients. There does not appear to be any gross evidence of correlation of carrier 
rates with the intensity of use of antimicrobial drugs. 

It was observed that patients with high nasal carrier rates tended to have 
high throat carrier rates. This relationship is shown graphically in FicurE 2, 
based on data from the 83 patients in the study from whom cultures were taken 
on 10 or more days. The percentage of positive nose cultures appears on the 
abscissa, and the percentage of positive throat cultures is shown on the ordi- 
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Ficure 2. Correlation of nose and throat carrier rates in the same 83 patients. Nose cultures were more 
frequently positive, and throat carrier rates tended to increase in proportion to nose carrier rates. 


nate. Each plotted point represents the mean nose and throat carrier rate for 
coagulase-positive staphylococci of 1 patient. From this figure it is apparent 
that a moderate positive association exists between the nose and throat finding 
rates. Finding rates in the throat that are higher than in the nose are excep- 
tional. Ten of the 52 patients who had some positive cultures had percentages 
of positive throat cultures as high or higher than those from the nose. These 
are marked by X’s in the chart. It is suspected that these patients were ex- 
ceptional because of the presence of some lesion, infectious or otherwise, that 
encouraged the growth of staphylococci in the throat. Examination of their 
clinical records, however, failed to show the presence of lesions to which this 
effect could readily be assigned. 

The group of 83 patients referred to in FIGURE 2 consisted of 17 patients who 
were already present in the hospital when the study was begun and 66 who were 
admitted during the course of the study. In TABLE 6 the carrier rates of the 66 
patients are presented according to the percentage of nasal cultures containing 
coagulase-positive staphylococci. The purpose of this analysis is to show the 
frequency of occurrence of rates of various degrees of positiveness, and to cor- 
relate them with the frequency of use of antimicrobial drugs. It will be seen 
that 28 (42.4 per cent) were consistently negative. Fifteen (22.7 per cent) 
had rates in the range of 2 to 9 a pears 8 (12.1 per cent) in the range of 10 to 
19 per cent, while the remaining 15 (22.7 per cent) showed an inc reasingly fre- 
quent occurrence up to a high value of 89 per cent. The number of cultures 
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TABLE 6 


CARRIER RATES OF COAGULASE-POSITIVE STAPHYLOCOCCI IN THE NOSES OF 
Hospitat Patients CuLtuRED 10 OR MORE Days FROM ADMISSION 


| Patients cultured | Patients receiving antimicrobial 
Percentage of cultures Mean number treatment 
positive = eee = = of cultures | 
; per patient a 
Number Per cent | Number Per cent 
All negative | 28 el Ve Ve 18 i 7 25.0 
2-9 fan 0 as 22.7 34 7 46.6 
10-19 8 1 a 19 | 3 Sos 
20-29 2 ) | 
30-49 3 i; | 
50-69 4 22.4 24 6 40.0 
70-89 6 J 
| | 
ios 66 100.0 22.9 23 34.8 


that were the basis of these determinations was reasonably uniform from group 
to group, with a mean value of 22.9 per cent. 

The percentage of patients in the groups that received antimicrobial therapy 
ranged from 25.0 to 46.6 per cent, with a mean percentage of treated patients 
for the group of 34.8. The proportion of patients with high carrier rates who 
received antimicrobial therapy was not significantly different from the per- 
centage of treated patients in the other groups. 

The sequence of positive and negative nose cultures for coagulase-positive 
staphylococci among the 66 patients was examined in an effort to recognize 
any characteristic alterations occurring in the course of hospitalization. 

In addition to the 28 patients with all cultures negative, the 23 patients with 
carrier rates ranging from 2 to 19 per cent were so infrequently positive that no 
pattern could be distinguished. For example, 1 patient from whom cultures 
were obtained on 17 days had positive nasal cultures only at 9, 16, and 17 days. 

Among the 15 high-rate carriers (20 to 89 per cent) it appeared that, once 
established, the carrier state continued to be characterized by frequent positive 
cultures (usually positive at least every other day) throughout the remaining 
period of observation. Thus 9 of these carriers had their first positive culture 
on their first- or second-hospital day while 1 each were first positive on days 3, 
4,4, 8, 12, and 32. In view of the relative inefficiency of the sampling proce- 
dure, it can be stated with confidence only that the patients with the first posi- 
tive cultures on the eighth day or thereafter represented conversion to the 
carrier state during hospitalization. Thus 3 of 66 patients (4.5 per cent) ap- 
peared to become carriers after hospital admission. It should be emphasized 
that it is possible that among patients with low carrier rates conversion to a 
carrier state may have occurred, but definite evidence of this was not obtained 
by the criteria used in this study. ae ; 

Finally, an estimate was made of the net quantitative effect of the various 
factors related to hospitalization, including conversion to the carrier state, on 
the mean carrier rate of the 66 patients. The percentages of positive nose and 
throat cultures obtained during the first 5 days and last 5 days of culturing were 
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TABLE 7 
Per Cent oF PATIENTS WHO WERE CARRIERS AND PER CENT OF NOSE AND 
THROAT CULTURES CONTAINING COAGULASE-POSITIVE STAPHYLOCOCCI 

DurinG First 5 AND Last 5 DAys OF CULTURES 


First 5 days* 


Last 5 days* 


Patients with 
1 or more 
pos. cult. 


Cultures 
positive 


Patients with 
1 or more 
pos. cult. 


Cultures 
positive 


Number Per cent 


Number Per cent 


Number Per cent 


| 
es cent 


48 14 


8 
8 | 
| 


* First 5 or last 5 days cultured; 330 nose and throat cultures each period from a total of 66 patients, 


ni 


men 


determined for each patient. These periods represent almost invariably the 
first 5 to 7 or last 5 to 7 days of the patients’ stay on the ward. The data are 
shown in TABLE 7 and reveal that an increase occurred in the per cent of posi- 
tive nose and throat cultures, and the percentage of patients who were carriers 
in the last 5 days over the first 5 days. 

The 66 patients whose cultures were the basis for the preceding analyses were 
selected because they had been cultured on 10 or more days during a period of 
at least 2 weeks of hospitalization. Because of the possibility that these 66 
patients might react differently from patients with short term illnesses, the per 
cent of positive nose cultures was determined for all patients in the study by 
consecutive 10-day periods of hospitalization. In addition, the per cent of 
positive cultures in untreated patients and in those during and after antimicro- 
bial therapy was eee determined for 2 consecutive 30-day periods. 
These data appear in TABLE 8 and reveal, for a period covering 6 consecutive 
10-day periods, that there is no appreciable i increase in the percentage of posi- 


TABLE 8 


PER CENT INCMENCE OF COAGULASE-POSITIVE STAPHYLOCOCCI 
IN Nosrk Curtures By Day in Hosprrar 


All cases No treatment tag OF alc anti- 
Day in Maine No. cases 
hospital Ee | cultured. 
ota No. Total No. Total N 
cultures Foanive Per cent elnares hsdeltige Per cent walks wenn jPer pent 
ree $10 127 16 
~ 37/9 bth 13 1272 198 | 15.5 | 477 ffl 14.8 
21-30 | 364 | 65 | 18 || oa ak 
1749 269 15.4 
31-40 182 SH 20 
41-50 154 26 17 256 52 20.3 7 
Re cs c ie : 178 28 1557 39 
434 80 18.4 
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Ficure 3. The percent of coagulase-positive cultures of the nose diminished under penicillin and tetracycline 
treatment. Among untreated patients nasal cultures remained at a relatively uniform rate (12 to 20 per cent) 
and among throat cultures there was little change during hospitalization, with or without treatment. 


tive nose cultures with values ranging from 13 to 20 during the six 10-day peri- 
ods. The percentage of positive nose cultures in untreated patients increased 
from 15.5 to 20.3 per cent in consecutive 30-day periods and increased from 
14.8 to 15.7 per cent among treated patients. 

The effect of antimicrobial therapy and hospitalization on the carrier state 
was finally evaluated by determining the per cent of nose and throat cultures 
with coagulase-positive staphylococci in the course of therapy with the tetra- 
cyclines, penicillin (some patients also received streptomycin), or no treat- 
ment. Only cultures taken on days when a drug was administered to the 
treated group were used in the determinations. These data appear in FIGURE 
3 and in TABLES 9 and 10. 

The data are grouped in consecutive 3-day intervals. During the first 3 
days, treated and untreated patients showed nasal carrier rates that ranged 
around 20 per cent. In the course of 12 days of treatment there was a gradual 
decline in the percentage of positive cultures in the treated groups, in contrast 
to the untreated group. The mean per cent of positive cultures for the 30-day 
period of observation was 16.3 per cent among untreated patients, while the 
mean per cent of positive throat cultures in the treated and untreated groups 


fluctuated around 5 per cent. 
DISCUSSION 


In a 514-month study, observations were made on the effect of hospitaliza- 
tion and antimicrobial therapy on the staphylococcal carrier rates of 222 hos- 
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TABLE 9 


CARRIER RATE oF STAPHYLOCOCCI IN THE Noses OF HospiTALIzED PATIENTS 
DurinG ANTIMICROBIAL THERAPY OR NO THERAPY 


Coagulase-positive | Coagulase-negative 
Treatment Total cultures 
<4 Number Per cent Number Per cent 
Tetracycline 
123 32 5 | 536 26 WO) 
4-6 30 3) 10.0 ANS: 83.3 
7-9 34 3 8.8 29 Sars 
10-12 22, 1 As 18 81.8 
“1-12 118 i 10.2 98 83.1 
Penicillin 
das 26 6 3:4. | 16 | Sikes 
4-6 29 1 oe: 28 | 96.6 
7-9 P| 2 9-5 16 76.2 
10-12 14 0 0.0 | 14 100.0 
i=? 9 9 10.0 | 74 82.2 
No treatment 

13 200 40 | 20.0 142 71.0 
4-6 207 Od 17.9 156 150 
7-9 203 ys) eS 168 82.8 
10-12 145 DRS | 15.9 110 75.9 
13=15 141 14 | 9.9 113 80. 1 
16-18 95 13 key 74 17.9 
19-21 90 13 14.4 65 (202 
22-24 74 14 | 18.9 54 Toe 
25-27 67 | 11 16.4 Si 76.1 
28-30 50 | 10 20.0 38 76.0 
1-30 1272 198 1iGes 971 76.3 


pital patients. The results reveal that carrier rates of coagulase-positive 
staphylococci in nose cultures showed a slight increase during hospitalization 
if observations were made over a 60-day period. This increase occurred in 
patients given antimicrobial drugs and in those who were untreated. A similar 
slight increase was observed in the proportion of positive nose and throat cul- 
tures and in the proportion of patients who were carriers if a series of cultures 
obtained near the time of discharge from the ward was compared to admission 
cultures. In shorter periods of observation (30 days) no such increase was 
observed among cultures from untreated patients, nor in treated patients ob- 
served for 12 days. In the latter group there was a slight decrease in nasal 
carrier rates, 

The characteristics of the carrier state were examined and it was found 
that a small percentage of the patients constituted a high carrier-rate group 
that provided most of the positive cultures. These patients were usually car- 
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TABLE 10 


CARRIER es STAPHYLOCOCCI IN THE THROATS OF HosprraLizED PATIENTS 
URING ANTIMICROBIAL THERAPY OR No THERAPY 


Treatment day | Total cultures =) i al bear agar es 
Number | Per cent Number Per cent 
Tetracycline 
1-3 an ”) 6.5 
‘ 2 Bs 4 12.9 
: 30 1 Sd i Phe) ss 
— 34 4 11.8 4 11.8 
10-12 20 2 10.0 8 40.0 
1-12 115 | 9 os 23 20.0 
Penicillin 
<< 26 1 3.8 10 3 
, Onna 
4-6 29 3 10.3 3 10.3 
7-9 2t 1 4.8 11 S204 
10-12 14 0 0.0 S) Di Ah 
1-12 90 5 5.6 27 30.0 
No treatment 
4 ! 197 | 15 7.6 29 14.7 
4-6 202 11 5.4 28 13.9 
1-9 197 10 ail 32 16.2 
10-12 144 7 4.9 27 18.8 
13-15 435 8 Jeo) 18 oe 
16-18 | 94 1 rt 18 19.1 
19-21 85 7 8.2 8 9.4 
22-24 73 1 | 1.4 13 i 
25-27 62 2 ees 12 19.4 
28-30 50 | Zz, 4.0 4 8.0 
1-30 1239 64 Ss 189 115), 2 


riers on admission and remained fairly persistently positive throughout hos- 
pitalization. 

If the finding of a considerable degree of stability of carrier rates for coagu- 
lase-positive staphylococci in hospitalized persons, with or without antimicro- 
bial therapy, occurred generally, it would suggest that the factors that lead to 
the establishment and perpetuation of the carrier state are different from those 
that cause the concurrent pronounced changes in drug-susceptibility patterns 
and phage groupings referred to earlier. Evidence from many sources suggests 
that drug resistance and its attendant phenomena are a consequence of anti- 
microbial treatment. Since changes in drug resistance and phage grouping 
appear to be dissociated from alterations in the carrier rates, it seems possible 
that the antimicrobial regimens studied have little influence on carrier rates of 
coagulase-positive staphylococci in the nose and throat. It is suggested that 
the essential control of the carrier state resides in factors present in the animal 
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host that, for short periods at least, are relatively independent of environ- 
mental influences. This concept is not intended to apply to all antimicrobial 
drugs, since agents highly and uniformly active against staphylococci, such as 
erythromycin, have greatly reduced the frequency of positive nose and throat 
cultures in small studies made by us. At present, however, this point seems 
less important than the fact that carrier rates for staphylococci did not increase 
among patients treated with the 2 antimicrobial regimens, for it would be in 
the latter situation that an implication of increased virulence and threat of 
infection would reside. 

It has been our concept that the shifts from 1 kind of Staphylococcus to an- 
other among carriers actually represented “replacement” of staphylococci 
residing on mucous membranes with others from the environment. This con- 
cept appears to be based on sound epidemiologic grounds in that the change in 
characteristics occurs too rapidly for selection of resistant mutants im vivo, and 
the environment is filled with staphylococci with appropriate characteristics 
ready for acquisition. An alternative explanation is available, however, to 
explain the apparent replacement, based on the work of Gould.* This in- 
vestigator has reported that, in the production of penicillin-resistant staphy- 
lococci by serial passages in increasing concentrations of penicillin im vitro, 
colonies of penicillinase-producing, penicillin-resistant, phage-Group III staphy- 
lococci appeared on plates originally inoculated with phage-Group I and II 
cultures that were susceptible to penicillin. Should this phenomenon occur 
in vivo it would satisfy many of the known facts concerning changes in the 
staphylococcal carrier state of hospital patients referred to previously. 

Other investigators have considered the effect of hospitalization or exposure 
of personnel in hospital wards on staphylococcal carrier rates. Summaries of 
several reports are shown in TABLE 11. The reports of Rountree and Barbour,’ 
Miles, Williams, and Cooper,® Rountree and Thomson,’ Rountree, Freeman, and 
Barbour,’ and Denton, Kalz, and Foley® reveal that persons who, either as 
employees or patients, enter into close contact with hospital patients show grad- 
ually increasing nasal carrier rates for coagulase-positive staphylococci in the 
course of such exposure for periods up to several weeks. The study of Miles 
was made in 1944, either before the availability of penicillin or while its use was 
very limited. His data resemble those that have been more recently reported. 
In 1954 Lepper and his colleagues" reported that patients treated with chlor- 
tetracycline showed an increase in carrier rates of staphylococci in contrast 
to no increase in patients treated with other drugs or who received no treatment 
on the same wards. Thus it would appear that the close contact inherent in 
hospitalization may in itself lead to from slight to moderate increases in the 
carrier rates for staphylococci for which due account must be taken when as- 
sessing the effect of antimicrobial therapy. 

It will be apparent that although there is considerable variation in the per 
cent of positive cultures among the investigations described in TABLE 11, nasal 
carrier rates for coagulase-positive staphylococci in most of them are higher 
than in the present report. 

The techniques of isolation and identification of staphylococci in this study 
have been described earlier and, compared to the methods used in the reported 
studies, in so far as they were described, there do not appear to be unusual dif- 
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TABLE 11 
INCIDENCE OF COAGULASE-POSITIVE STAPHYLOcOccr IN Nose CULTURES 


Cultures with 
Number Cone 
i OS ve 
Persons cultured of fe nhaleccie: Reference 
cultures| La 
Number)Per cent 
Student nurses entering training........ 127 68 | 53.5 | Rountree and Barbour 
, | (1951)5 
Student nurses before entering ward... .. 116 615276 
Student nurses after 5 weeks on ward....| 112 80 | 71.4 
Student nurses after 10 weeks on ward....) 104 FLMO8. 3 
Outpatients.......... SE eebtgardark hice ck | 479 | 228 | 47.6 | Miles, Williams, and 
Ward patients on admission............| 536 | 265 | 49.4 Cooper (1944)6 
Ward patients with weekly cultures......| 1456 | 794 | 54.5 
CUES TTS ge ee eee) -OL2- |) 392 O41 
peeny MONG Ss dees oe ....| 200 | 90 | 45.0 | Rountree and Thomson 
Hospital nurses and doctors.............| 200} 105 | 52.5 (1949)? 
aes SS A eo 200 | 98 | 49.0 Rountree, Freeman and 
Parents on admission: 2.2... 2.2.0.2... ISS) 52 | 34.0 Barbour (1954) 
Patients on discharge.............- ae 153 62 | 40.5 
Healthy school children................ 2762 | 843 | 30.5 | Saint-Martin (1953) 
Second year medical students........... 50 10 | 20.0 | Denton, Kalz, and Foley 
Science students, nurses and interns not at (1950) 
iMieirermity enter. RLilo. 2b ...e eo. 484 | 139 | 28.7 
Fourth year medical students........... 50, }eezs: 14050, 
Infants, mothers, and staff at Maternity 
PETER ee ern. ae See a oe. 375 | 240 | 64.0 
Ros picalizern Adults 2. 2. PsP. ete wse es = 2439 | 469 | 19.2 | Present series 


ferences. A possible exception is the fact that, in the present study, daily 
cultures were taken while, in most of the reports in TABLE 11, cultures were 
taken at weekly or longer intervals. It seems probable that at least a part of 
the differences in the yield of coagulase-positive staphylococci among the vari- 
ous reports, including the present one, depend upon variations in technique, 
frequency of sampling, or the use of different criteria in the interpretation of 
tests. 

In contrast to the wide variation in percentage yield of coagulase-positive 
staphylococci from nose cultures, the yield of these organisms in throat cul- 
tures has been more uniform. [Illustrative of this are data in TABLE 12 from 
Saint-Martin," from the report of the Commission on Acute Respiratory Dis- 
eases,”2 and from the present study in which, among almost 12,000 cultures of 
the throat, the per cent containing coagulase-producing staphylococci varied 
only from 7.5 to 15 per cent. 

In the isolation of staphylococci from nose and throat swabs one cannot 
escape the observation that large differences occur in the number of colonies 
of staphylococci that appear on different culture plates. In the present study 
heavy growth of these organisms frequently occurred from swabs from patients 
with high carrier rates. These observations suggest to us that the extent of 
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TABLE 12 
INCIDENCE OF COAGULASE-POSITIVE STAPHYLOCOCCI IN THROAT CULTURES 


Cultures with 
coagulase- 
Number positive 
Persons cultured of staphylococci Reference 
cultures 
Number|Per cent 
Health school children...........| 2762 | 322 |11.7 |Saint-Martin (1953)" 
Hospitalized young adults with ; ms ; 
acute respiratory disease....... 2338 | 349 | 14.9 | Commission on Acute Respira- 
Well army personnel............. 4352 | 406 9.3 tory Diseases (1947)” 
Mospitalizediadiultts nies 2393 | 179 | 7.5 | Present series 


colonization of mucous membranes with staphylococci varies considerably from 
patient to patient. Furthermore, the differences in carrier rates that exist 
among the various investigations reported may reflect, to a degree, the use of 
procedures of different grades of sensitivity in the isolation of staphylococci. 
Elaborate isolation techniques might detect staphylococci even though present 
in small numbers, whereas simpler methods may detect staphylococci only in 
the more heavily positive cultures. 

Quantitative differences in the positiveness of cultures have not often been 
considered to be of importance in epidemiologic studies on staphylococci. 
Wallmark" has reported, however, that only 61 of 182 nasal cultures containing 
coagulase-positive staphylococci showed heavy growth, while +4 were moderate 
and 77 showed sparse growth. Vogelsang," in a similar study, revealed that 
446 of 660 nose cultures containing coagulase-positive staphylococci showed 
heavy growth. It seems probable that not only are differences in the amount 
of growth of staphylococci in nose and throat cultures important as a cause of 
variation in the yield of positive cultures by different methods of procedure, 
but that important differences may exist in the transmissibility of staphylo- 
cocci by patients, differences dependent on the extent of staphylococcal infesta- 
tion in each patient. 


SUMMARY 


In a study of the staphylococcal carrier state, 4830 cultures were taken in 
almost equal numbers from the noses and the throats of 222 patients during a 
516-month period of observation on a hospital ward. The mean per cent of 
nasal cultures containing coagulase-positive staphylococci was 19.2 while, in 
throat cultures, the corresponding rate was 7.5 per cent. 

Coagulase-negative staphylococci were found in 73.2 per cent of nose cultures 
and in 17.7 per cent of throat cultures. 

Carrier rates for coagulase-positive staphylococci were found to increase 
slightly in nose cultures if the period of observation was extended to 60 hos- 
pital days. This observation applied to cultures from both antimicrobial- 
treated and untreated patients. A similar slight increase in nose and throat 
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carrier rates and in the per cent of patient carriers was observed when cultures 
taken near discharge were compared to those taken on admission. 

Among untreated patients observed for only 30 days there was no increase in 
rates while, among patients observed for 12 days during treatment with tetra- 
cyclines or penicillin, a slight decrease in carrier rates was observed. 
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STAPHYLOCOCCAL BACTEREMIA* 


By Harvey S. Collins, Alex N. Helper, Anne Blevins, and Gloria Olenberg 


Division of Clinical Investigation, Section of Experimental Bacteriology, Sloan-Kettering Institute 
for Cancer Research, New York, N. Y.; and the Department of Medicine, Memorial 
Center for Cancer and Allied Diseases, New York, N. Y. 


Staphylococcal bacteremia, as a term descriptive of a disease state, 1s an 
anachronism. It is realized that reports concerned with such distinctive as- 
pects as endocarditis, in which bacteremia is the rule, appear with regularity." - 
The title “Staphylococcal Bacteremia,” however, as a point of departure for a 
discussion of a sizeable and diversified collection of staphylococcal infections 
with bacteremia, has been obsolescent for 15 years. 

That this is so is doubtless due, in large measure, to the relative success of 
antimicrobial agents against the Staphylococcus, a success that has almost cer- 
tainly brought about an absolute reduction in the incidence of infections that 
progress to become bacteremic. Such infections as staphylococcal cellulitis of 
the face, which formerly were difficult to control] and commonly progressed to 
septic phlebitis and bacteremia, are now usually aborted. Moreover, those 
cases of staphylococcal disease associated with bacteremia that do occur are 
now usually reported in conjunction with studies of antimicrobials and their 
efficacy. 

The near absence today of reports on staphylococcal bacteremia emphasizes, 
in addition, changes in viewpoint or in manner of approach to the problems of 
bacteremic infection. Staphylococcal bacteremia is, of course, not a disease 
entity within itself, although in former years authors commonly approached 
the subject as if it were.’ Prior to the advent of successful antibacterial chemo- 
therapy, however, the focus of attention was upon the microorganisms and 
upon their structural complexities and properties that might form a basis for 
immunologic or other means of ‘“‘clearance’’ from the blood. Within the short 
period of 15 years prior to 1942, numerous and significant papers concerned 
with the Staphylococcus, and with large series of cases of staphylococcal bac- 
teremia, were published. By way of illustration, some of the more significant 
of the varied approaches prior to the days of antibacterial chemotherapy were: 
the extensive monograph by Thayer which dealt with the clinical features of 
endocarditis; the employment of antisera by Julianelle,> among others; the 
study of bacteriophage as a possible therapeutic agent, by MacNeal® and by 
Longacre, Jern, and Meleney;’ and the review by Skinner and Keefer’ of 122 
cases of staphylococcal bacteremia, including a summary of the literature up to 
1941 dealing with experimental infections in animals and the antigenicity of 
staphylococcal components. Kleiger and Blair’s potent exotoxin’ isolated from 
some strains of staphylococci exemplifies the staphylococcal components that 
might underlie manifestations of clinical disease. This exotoxin, upon injec- 
tion into animals, led to a specific train of events, and its presence appeared 
to be correlated with the acute symptomatology observed in some cases of 
staphylococcal infections as they occurred in young people. 


* This study was aided by a grant from Parke, Davis & Company, Detroit, Mich. 
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Bacteremia is important since it expresses, in a pivotal sense, the balance 
between processes whereby bacteria are fed into the blood stream and the 
mechanisms that are necessary to bring about their removal or destruction. 
The latter may be attributable to the host, or to antimicrobial chemotherapy. 
If it is true that tame does indeed run out on the successes of chemotherapy, 
as a result of the widespread development of strains of staphylococci that are 
resistant to antimicrobials, a significant attack upon problems of staphylococ- 
cal infection may necessitate a return to many paths of investigation in which 
interest has waned with the appearance of antimicrobial drugs—such as in- 
quiries into the nature of bacteria and their attributes and, especially, an in- 
tensified study of the host-parasite relationship. Also, prevention of infection 
at the outset through application of epidemiologic findings!® may prove to be 
the important point of attack within institutions that harbor antibiotic-resist- 
ant strains and a high incidence of staphylococcal disease. 

During the 2-year period from July 1953 to July 1955, at the diagnostic 
bacteriology laboratory of the Memorial Center for Cancer and Allied Diseases, 
New York, N. Y., Staphylococcus aureus (hemolytic, mannitol-positive, and 
coagulase-positive) was isolated from the blood, or heart’s blood at autopsy, 
117 times from 73 patients. This figure is the number found out of approxi- 
mately 3,000 specimens of blood submitted for culture, 345 of which grew 
microorganisms of one or another type, including the Staphylococcus aureus. 
The number of cases of staphylococcemia appears to be uncommonly large if 
comparison is made with nearby general hospitals of comparable size. The 
strains of Staphylococcus isolated from the bacteremic cases fall in a narrow 
band of bacteriophage types and are frequently drug-fast. This has also been 
the experience in other clinics. 

The patient material seen in Memorial Center, devoted primarily to the 
diagnosis and treatment of neoplastic diseases, is often of a sort in which, by 
circumstance, certain facets of the general problem of infection, and specifically 
staphylococcal disease, are strikingly exemplified. Thus patients with leu- 
kemia and other varieties of medical neoplasia, or those who are being treated 
with irradiation or antitumor chemotherapeutic agents, may have marked 
disturbances of their reticuloendothelial system, or of other attributes, cellular 
or humoral, that contribute to the host’s capacity to resist infection. Then 
too, patients who are amenable to treatment by cancer surgery often fall in 
the older age groups, and they may be considerably depleted biochemically 
or nutritionally as a consequence of chronic disease, or from cardiac or renal 
impairment. In this group, wide-sweeping surgical procedures or erosive neo- 
plasms cut across many natural barriers to infection. 

Thus the frequency of isolation of Staphylococcus from the blood, along with 
the recognition of the variously depleted capacities for host resistance and our 
curiosity as to the mode of access of the microorganisms into the blood have 


prompted a review of such cases. 


Materials and Methods 


The clinical records of all cases of Staphylococcus aureus bacteremia that 
occurred between July 1953 and July 1955, with the exception of a few in which 
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the reports of post-mortem findings are still incomplete, were critically reviewed 
and assessed. The material falls into 4 broad categories in which the staph- 
ylococcal bacteremia occurred in patients with (1) cancer, of types considered 
suitable for surgical treatment and had therefore been so treated, either recently, 
or in the past; (2) acute leukemia; (3) malignant lymphomas; and (4) a variety 
of advanced metastatic cancers unsuitable for surgical attack and no longer 
responsive to therapy directed against the neoplasia. Discussion of groups 3 
and 4 has been omitted from this paper. 

Some of the cases in group 1, the surgical group, were discarded for want of 
adequate cultural evidences to authenticate the case. This is particularly true 
of those cases in which the only isolation of Staphylococcus was in mixed cul- 
ture of heart’s blood at autopsy. In all, 16 cases in the surgical category have 
been selected as unquestionably demonstrating staphylococcal disease asso- 
ciated with bacteremia. Clearly, this arbitrary selection, as well as the com- 
plication of neoplastic disease, permits no mortality comparison with other 
reports. 

On the other hand, all cases in group 2, patients with acute leukemia, have 
been included because alertness to and documentation of the infectious com- 
ponent throughout the course of frequent, often weekly, clinic visits and during 
hospitalizations while undergoing treatment for leukemia has permitted de- 
tailed analysis. In this group there are 23 instances of staphylococcemia. 


Analysis of Case Material 


Group 1: Sixteen cases of staphylococcal bacteremia arising in patients treated 
surgically for cancer. Twelve of these patients were more than 60 years of 
age. Problems of nutritional, cardiac, and renal impairment were common. 
The veins were frequently in poor condition because of age or previous manipu- 
lations. The surgical procedures themselves varied from relatively minor 
ones, such as incision and drainage of an abscess, to very complicated ones. 
In several cases the operative procedures were attempts to remedy anatomic 
defects that persisted after earlier cancer operations. Cancer was not neces- 
sarily residual. The bacteremia was directly associated with the immediate 
surgical procedure in some instances but, in others as, for example, one wherein 
a staphylococcal perinephric abscess resulted in bacteremia 2 months after 
nephrostomies were established for the relief of ureteral obstructions due to 
metastatic cancer, the relationship to surgery was distant or indirect. 

While all 16 cases were so chosen as to be indisputable instances of staphy- 
lococcal bacteremia, the question of the actual significance of this bacteremia 
in the total clinical setting did arise. The seriously high mortality rate uni- 
versally accepted with this disease manifestation is fully appreciated. It was 
possible, however, that these cases could have been merely expressions of 
terminal pneumonias in elderly and sorely depleted individuals dying of the 
many dysfunctions brought about by their chronic neoplastic disease. To 
clarify this possibility an estimate was made of the relative importance of the 
cancer and of the infectious component. Three categories were established: 
(1) cancer hopelessly advanced; (2) cancer and infection both of significance; 
and (3) sepsis that was found to be of paramount importance or to be present 
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TABLE 1 
RELATIVE CLINICAL SIGNIFICANCE OF CANCER AND INFECTION, CourLrED WitH A Tap- 
ULATION OF THE FEATURES RETROSPECTIVELY CONSIDERED TO BE OF Dominant Impor- 


P= DuRING THE BACTEREMIC PHASE, SIXTEEN Cases OF SURGICALLY-TREATED 
ANCER IN WHICH A COMPLICATING STAPHYLOCOCCEMIA APPEARED 


Cancer _ Cancer and Sepsis foremost 
hopelessly infection both or present 
advanced significant alone 

Number of patients in each group............ 4 3 9 
Progression of malignant disease.............. 3 0 0 
= a 
ERGY TG OUP SOIR Oe ee 1 i S) 
ORM PR ES. Ae owen © Ser Sc icine ck wdelcs 0 1 3 
Cellulitis and/ or phlebitis (at sites of intravenous 
cannulations or absorbable gelatin-sponge im- | 
[SLUT EN SG 0) Pinedo eee 4 2 7 
PRN URSECSSES Me Bet Coe cn soo ys =< eae ss cola als 1 1 0 
EGS gen, Rae ot 0 0 1 
PRPCIGMEDNEICS Sopa on, See ek Soon ae helen 0 0 1 
meMppurAatve PREUMONIA.... 62. 22... s sec eee 0 2 2 


alone. At the same time, the features considered to be of dominant importance 
during the bacteremic phase were estimated retrospectively after a review of 
all available information (TABLE 1). 

In the first category there were 4 patients whose cancer was so far advanced 
that the bacteremia could be accepted as merely one more factor contributory 
to an inevitable and immediately impending death. In one of these cases 
staphylococcal endocarditis was present which, by way of defining the nature 
of cases included in this category, might well have brought death more slowly 
than did the encroaching cancer. 

There were 3 cases in the second category and, in them, infection and cancer 
were quite interdependent and jointly significant. One such case was of sup- 
purative pneumonia distal to a bronchial neoplasm that was considered unre- 
sectable. It is possible that, in these 3 cases, adequate control of the infectious 
component might have vouchsafed several additional weeks or months of life 
to the patient. 

In the third group, with 9 patients, staphylococcal sepsis was the major dis- 
ease and, in several patients, was the only significant disease. This provocative 
finding, along with the high frequency of endocarditis, with its attendant poor 
prognosis, emphasized the need to determine, if possible, why a complicating 
infection should arise and how it might be avoided. 

To this end, the portals of entry for the Staphylococcus that seemed reason- 
able were itemized after clinical appraisal (TABLE 2). In addition to those 
customarily in evidence, there was one portal designated “cellulitis at the site 
of intravascular cannulation.”’ This merits emphasis. Such cannulation was 
listed more than 30 times, and this figure refers to such procedures only if they 
were specifically recorded. Not all “cut-downs”’ are so recorded and, by in- 
direction, many more are known to have been present. Some patients are 
known to have had 3, 4, or more intravenous cannulations during their hospi- 
talizations, while perhaps only 2 are described in their records. Moreover, 
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TABLE 2 


PLAUSIBLE PORTALS OF ENTRY OF STAPHYLOCOCCUS AUREUS INTO THE BLoop 
IN 39 INSTANCES OF BACTEREMIA OCCURRING IN PATIENTS WITH CANCER 


Frequency of occurrence 
Portals of entry Patients with Datienteawith 
Cancer Serge acute leukemia 
surgically | °C cases") 
Skin (furuncles, decubitus ulcers, infected herpes)...... 2 5 
Cellulitis at site of finger puncture or bone marrow aspi- 

TEMA Maen fall, ivy min aa GRRE ra ie eA Oe ec 0 Pa 
Cellulitis and phlebitis at site of intravenous cannulation. > 30F 1 
Siosseaton ll syoiunavals, RCE. oo oboe Sa nou ee Gace 5) 0 
Gastromn testinal tract acre ae etter ine onset teeters 1 2 
Nasopharynx (nasopharyngitis with cultures positive for 

SHEN UME OTIS io eee oa oe Se 0 14 
Lungs (pneumonia possibly due to Staphylococcus. Clin- 

ical or X-ray diagnosis with staphylococci predomi- . 

Nae iM SpULUnM O throat CUlLUe) eens ere se eer if 7 
None: dis¢emed!)..s... 02 Wer sete sie cr kee ots desta ere 0 7 


* One patient manifested staphy joeaccal bacteremia on 2 occasions, separated by a 1-year interval. 

+ Six cultures taken from site of cellulitis in surgical group, 3 cultures from site of cellulitis in leukemia group. 
In all instances the staphylococci cultured were of similar bacteriophage types and antimicrobial sensitivities to 
those organisms isolated from blood. 


the tabulation is not that of uncomplicated ‘‘cut-downs”’ but of those in which 
phlebitis, or sepsis at the point of insertion, necessitated discontinuation. Cul- 
tures of the wound, or of the withdrawn catheter, were taken in only 7 of the 
cases. In these cultures, strains of Staphylococcus aureus with typing charac- 
teristics similar to those isolated from the patient’s blood were demonstrated. 

Two instances were noted in which absorbable gelatin sponges might have 
carried microorganisms and might thus have been responsible for the bac- 
teremia. The operative procedures were for cancer of the side of the face or 
ear. Extensive surgery around the temporal area resulted in entrance into 
various venous sinuses, and the sites were then packed with the gelatin 
sponges. In 1 case bacteremia was associated with purulent meningitis and 
cavernous sinus thrombosis. Death occurred 2 weeks following the operation. 
In the other case, although focal acute purulent meningitis was demonstrated 
at autopsy, the relationship of events seemed to point more to intravenous 
cannulations than to the meninges as the point of origin for the bacteremia. 
Cultures taken from an infected “cut-down” site in this instance were positive 
for Staphylococcus aureus. The patient died of staphylococcal endocarditis, 
with widespread abscess formation, 6 weeks after the operation. 

Of the 16 cases, only 2 survived to be completely free of the infectious com- 
plication, this despite the fact that in 9 cases infection was uppermost, and in 
some it was the only disease process. It is noteworthy that the 2 survivors 
benefitted from unusually well-directed and diligent efforts to diagnose and 
treat promptly this infectious complication, and that treatment was massive 
and continued for weeks into the convalescent period. 

Group 2: Twenty-three instances of staphylococcemia in association with acute 
leukemia. A review of 23 instances of staphylococcal bacteremia in 22 cases 
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of acute leukemia led to some unexpected findings, one of the more striking 
being that 8 patients survived the infection. Other salient features of these 
cases follow: 

In age, the patients ranged from 2 to 33 years. Most, however, were chil- 
dren: 8 were under 5 years of age; 9 were between 5 and 10 years of age; and 4 
were between 10 and 15 years of age. 

The initial isolation of staphylococci from the blood postdated the first 
clinical evidence of leukemia for periods that ranged from a month to 2 years. 
Five patients became bacteremic within the first month after the diagnosis of 
cancer was established, but only 2 additional instances occurred during the 
remainder of the first half year. There followed an upsurge, with 6 cases 
during the period between the 6th and 9th months, and then a lull, with 2 
cases between the 9th and 12th months. After that time the frequency in- 
creased, with 8 cases. 

The duration of life subsequent to the initial detection of staphylococcemia 
was less than 2 weeks in 13 patients. Two survived more than a month, and 
were culturally and clinically free of staphylococcal disease at the time of death 
from hemorrhage secondary to leukemia. Six patients, on the other hand, 
lived longer than 8 weeks and were free of all evidences of acute staphylococcal 
infection and bacteremia. One patient recovered from an acute infection 
associated with staphylococcemia, only to succumb a year later to a second 
bacteremic staphylococcal infection. 

The frequency of dominant clinical manifestations in these cases of staphy- 
lococcemia is shown in TABLE 3. Findings that could be attributed equally 
well to leukemia have been excluded. Six patients displayed extreme toxicity. 
Erythematous or erythema multiformelike rashes were observed in 5 instances. 
Respiratory disease was frequent. 

Portals of entry considered reasonable in these cases of staphylococcemia 
are shown in TABLE 2. Election of a probable point of entry was distinctly 
difficult in this group of patients. In 7 instances none could be discerned. As 
a rule, staphylococci were carried in the nose, and nasopharyngitis was com- 
mon. With no other customary point of invasion to be discerned, the site of 


TABLE 3 


FREQUENCY OF CLINICAL MANIFESTATIONS OBSERVED IN 23 INSTANCES 
OF STAPHYLOCOCCEMIA IN PATIENTS WITH ACUTE LEUKEMIA 


Manifestations Frequency 


verte PETE LEVEN os MAS Bee cucee ecere rayne sia aia barei nics tarieyse eum jnumiene eoridhe 2 
IE Petree Coe toca Nee eI St ea me y 
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Rash (erythema multiformelike lesions)... ...-.- +--+ +--+ +ss0sssseees fe 
Cellulitis, phlebitis (at site of skin punctures)...... LA, pits Wit oe i 


Nasopharyngitis (staphylococci present)........ Ce Orne : 
Pneumonia (staphylococci predominant). ..-.-. 6-56. sees seen ; 
Diarrhea (staphylococci in abundance in StOCS) heen een ont erett ; 
Risece lanicorls tm renters nr Plc ieiania <n s Fie sonoma eee ripen nt wa ie 


* Excluding those clearly attributable to leukemia. 
+ Jaundice observed in 4 instances, petechiae in most. 
to either disease, but are more likely due to leukemia. 


Such manifestations among others may be ascribable 
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entry was considered to be, in all probability, the nasopharynx. Cellulitis at 
the site of venepuncture, or of finger puncture, was observed 12 times in close 
relationship to the bacteremic episode. In only 3 of these instances was a 
bacteriologic culture of the wound performed. 

Analysis of morphology of the bone marrow and of the peripheral polymor- 
phonuclear leukocyte counts for extended periods of time both before, during, 
and, where possible, subsequent to the initial isolation of staphylococci from 
the blood, brought out several points. First, there had been nearly total re- 
placement of the normal marrow constituents by leukemic cells in all 23 cases 
for at least a month prior to the bacteremic episode. Second, peripheral poly- 
morphonuclear leukocyte counts had been repeatedly at a level below 1000 
cells/cu. mm. for at least a month in 18 instances. This was the case even in 
4 of 8 patients who survived and, possibly, in 2 more instances in which ob- 
servations were unavailable prior to the bacteremia. The third point to emerge 
was that, in 7 out of 8 patients who managed to survive their staphylococcal 
bacteremia, a remission of their leukemia, as demonstrated clinically by return 
toward normal of the bone marrow, peripheral blood picture, and diminution 
of hepatosplenomegaly, was still possible. Ten nonsurvivors either died too 
soon for such an effect to be noted or, if they did have examinations, no im- 
provement was evident except in one instance. 

The role that ACTH, cortisone, and its analogues might play was similarly 
considered because these agents were given to most patients, survivors and 
nonsurvivors alike. No certain estimate could be made as to whether these 
hormones might have had a deleterious influence, perhaps even to have un- 
leashed the infection. On the other hand, the evidence pointed convincingly 
in many cases to their beneficial effect toward inducing rapid and effective 
remission from cancer. 

Assessment of the benefits to be ascribed to specific antimicrobial agents 
must be guarded. One point is certain: no one drug, even in large dosages, 
and despite i vitro evidences of activity, was a panacea. It is equally certain 
that antimicrobial agents, employed with total inappropriateness of choice, 
brought no benefit. Between these poles it was noted that staphylococcal 
bacteremia was frequently first demonstrated in the course of a febrile episode 
for which the patient was being treated with substantial dosages of tetracy- 
chines. Tetracyclines are commonly prescribed in the pediatric clinics of the 
Memorial Center for Cancer and Allied Diseases if intercurrent respiratory in- 
fections appear to be starting. If the illness progresses, however, and hospital 
admission is necessary, bacteriologic examinations together with tests for anti- 
microbial sensitivity are more often used as a guide, or the clinician, fearful of 
staphylococcal bacteremia while awaiting cultural findings, tends to initiate 
treatment with chloramphenicol and erythromycin, the agents most often 
showing successful in vitro activity against the staphylococcal strains of this 
hospital. 

As stated earlier, there were 8 survivors in 23 instances of staphylococcemia. 
In 7 of these 8 survivors bacteremia was initially detected while antimicrobial 
drugs that were inappropriate by in vilro standards (for example, tetracyclines 
or penicillin), were being employed. Upon receipt of cultural findings, change- 


Collins et al.: Staphylococcal Bacteremia 229 


over to treatment with chloramphenicol and erythromycin usually followed. 
The high recovery rate, while upon presumably adequate chemotherapy, sug- 
gests that appropriate antimicrobial agents, even when delivered late, are of 
the foremost importance. To emphasize the difficulty of assessment in so mul- 
tifactorial a setting, it must be pointed out, however, that there were an addi- 
tional 8 patients who, instead of receiving tetracyclines, were being carried 
fortuitously upon treatment from the outset and throughout with other agents 
that would be regarded as appropriate on the basis of in vilro sensitivity tests. 
Contrary to our expectations, only one of these patients survived. The failures 
could not be attributed to the development of drug-resistant strains, nor were 
differences detected in other specific variables alluded to thus far. 

The course of the single patient just mentioned illustrates many features of 
the type of patient material—the cases of acute leukemia—under discussion, 
and is presented below (FIGURE 1): 

“The patient, a ten year old girl (M. H. * 25051), was diagnosed to have 
acute leukemia 13 months before the complication of importance to this dis- 
cussion, staphylococcemia, was detected. For 8 months initially she had been 
managed with anti-leukemic chemotherapy successfully, but, over a period of 
five months prior to the initial isolation (March 2, 1954) of staphylococcus from 
the blood, she became increasingly refractory to these agents. Many exami- 
nations of the bone marrow smears of this child showed it to be near complete 
replacement with ‘stem’ cells. The concurrent peripheral white blood-cell 
counts were often less than 1000 granulocytes per cu. mm. 
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Ficure 1. Staphylococcal pneumonia and bacteremia in a patient with acute leukemia. 
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“Four weeks before the primary isolation of Staphylococcus from her blood, 
the patient had an acute respiratory illness with radiographic evidence of 
bronchopneumonia. Chloramphenicol therapy was begun, together with cor- 
tisone which was used in the hope of inducing rapid remission of the cancer. 
Both these therapeutic agents were continued for a prolonged period. 

“Clinical improvement was shortly apparent, and the pulmonary infiltrations 
were largely cleared within ten days. Although convalescence seemed well 
established, and while continuing the same therapeutic regimen, she suffered 
an abrupt clinical relapse. She again entered the hospital, seriously ill, septic 
and with high fever. 

“Blood cultures drawn on entry and on three subsequent days were positive 
for Staphylococcus aureus. Her sputum, as well as pustules at the site of a 
bone marrow aspiration, yielded staphylococci with characteristics identical to 
those previously present in the nasopharynx, as gauged by similarity of pat- 
tern to bacteriophage typing and antimicrobial resistance. The chest roent- 
genograms again disclosed bronchopneumonia, more extensive than previously. 
There were in addition several thin-walled, ring-like areas which were consid- 
ered to be infected bullae. Without change in antimicrobial or hormone ther- 
apy, the fever remitted, pulmonary signs again began to clear, and the clinical 
illness subsided. Staphylococci were not again cultured from the blood. Such 
evidences of improvement were all obvious prior to adding tetracycline, and 
penicillin aerosol, to her regimen. 

“During the sequence of events described, and for months before, the periph- 
eral granulocyte count was remarkably low, although the trend toward bone 
marrow remission became evident as the bacteremic illness was running its 
course, and was fully apparent 3 weeks after the staphylococcemia became 
manifest. She survived two months without recurrence of signs of infection. 
Death was due to hemorrhage, secondary to the leukemia.” 


Discussion 


There has always been agreement upon the serious outlook in cases of bac- 
teremia due to Staphylococcus aureus, and this is still so even though chemo- 
therapeutic agents have had a moderate success in the established case. 
Chemotherapy may even have lowered the over-all incidence of such cases by 
successfully aborting infections that, when unchecked by antimicrobials, carry 
an appreciable likelihood of becoming bacteremic. Nevertheless, the presence 
of an unexpectedly high incidence of bacteremic cases within institutional 
areas, along with the predominance of strains that are drug-fast, impels a close 
scrutiny as to why this should be so. It is clear that an understanding of the 
factors that may lead to the bacteremia is of prime importance and is basic to 
its successful control. 

The survey of cases within our own institutional boundaries has brought 
forth similarities to the experience of others, as well as dissimilarities. In the 
former category, there is present within the hospital, both in personnel and in 
long-term patients, an appreciable carrier rate of staphylococci that are pre- 
dominantly drug resistant (by in vitro testing) to penicillin, streptomycin, and 
the tetracyclines, although they remain susceptible in general to erythromycin 
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and chloramphenicol. The majority of strains fall, in addition, into a limited 
range of bacteriophage types, the chief ones being 6, 7, 47, 44a, and 42e. The 
staphylococci that were isolated from these bacteremic cases are nearly uniform 
in their basic characterizations. Moreover, they differ substantially in anti- 
biotic pattern, frequency of bacteriophage typability, and range of types, from 
staphylococci that were isolated in the external environment in the course of 
an epidemiologic study carried out in these laboratories.’ All of this points 
toward a high incidence of staphylococcal strains that are closely similar, and 
Suggests that infection with such strains may be acquired within the hospital 
environment. 

Points of dissimilarity in our cases appear to reflect largely an unusual dis- 
tribution of host types within the institution. These individuals, for reasons 
of age or because of neoplastic disease, may be depleted in powers of resistance 
to infection, or may run a higher risk of invasion by microorganisms, from the 
application of therapeutic modalities that are of great convenience or are neces- 
sary in these patients but less commonly used among general hospital patients. 

Analysis of the portals of entry has led to an unexpected surmise, namely, 
that sustained intravascular introduction of the staphylococci may be of major 
importance in accounting for the frequent occurrence of bacteremia in the 
surgical group of cases. The evidence for this surmise is very suggestive and 
is quite worthy of further study and action. Attention was drawn to cellulitis 
at the site of intravenous cannulations that are resorted to with particular 
frequency in the surgical cases in pursuit of diagnostic or therapeutic measures. 
In the 7 instances where culture of the site of cannulation was performed, cul- 
ture of the blood was unfortunately not done at the same time. Isolation from 
the blood, of staphylococci of similar typing characteristics, at another time, 
however, permits an inference of the association of septic cannulation with 
bacteremia, or of a cause and effect relationship, that is difficult to overlook. 
Although direct venous introduction is not considered a common mode of entry 
for microorganisms, it has been observed, especially in “main line” narcotic 
addicts. There are previous reports in which staphylococcal endocarditis has 
been attributed to such cannulation as, for instance, in the case described by 
Herrell, Nichols, and Martin,” of a patient with poliomyelitis who required 
repeated intravenous cannulations. 

Septic thrombophlebitis, if it occurs in conjunction with staphylococcal cel- 
lulitis at the site of intravenous cannulation, may be responsible for continued 
bacterial embolization, even after discontinuation of the cannulation. Lyons,” 
15 years ago, in a discussion of surgical staphylococcal infections, re-emphasized 
similar mechanisms of pathogenesis that have long been recognized and are 
basically the same in principle. 

There have been previous demonstrations, too, of the potential dangers of 
absorbable sponges when implanted, after impregnation with bacteria, into 
experimental animals.'* Inadvertently contaminated sponges which served 
as the underlying focus of bacteremia in human beings have also been re- 
ported."® ; 

Some comment is warranted as to the frequency of cannulations that we 
have recorded, whether they are excessive, or in what way our experience with 
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them may differ from that of others. The answer lies largely in the number 
and nature of medical and surgical problems dealt with in this hospital, where 
an impressive number of surgical procedures are performed daily in the effort 
to control cancer. This makes inevitable the inclusion of many patients who 
require extensive, extirpative surgery. Nutritional, electrolyte, and other 
therapeutic controls are often realistic only when intravenous cannulation is 
effected. 

If the premise is correct that cannulation serves as a portal of entry, and 
that bacterial cellulitis at the site contributes the microorganisms, then can- 
nulation should be avoided unless absolutely necessary. Cellulitis at the site 
of cannulation should alert the physician not only to the need for removal of 
the device but also to the need for bacteriologic culture of the wound and of the 
impending possibility of persistent bacteremia. 

A review of the surgical cases in particular made it clear that staphylococcal 
bacteremia does not always present itself in a dramatic manner. Because of 
this there is frequently a delay in applying bacteriologic techniques necessary 
to the diagnosis. Moreover, the serious implications of staphylococcal bac- 
teremia are commonly underestimated, and the necessity for prolonged, inten- 
sive, and appropriate chemotherapy is often not appreciated. Stereotyped 
employment of prophylactic antimicrobials promotes, too, a sense of security 
that may be quite unwarranted in that infectious components, if present, may 
remain untouched or be masked by the therapy. Meanwhile, alertness lags. 

Even though the diagnosis were to be established early, however, and though 
therapy were to be ideally managed, the fact would still remain that emphasis 
should be placed, in so far as possible, on avoidance of factors that favor sus- 
tained staphylococcal bacteremia. This would materially reduce the incidence 
of endocarditis and would save more lives than the most impressive treatment 
of established cases. 

In cases of acute leukemia, staphylococcal cellulitis at the site of finger punc- 
ture was observed. Whether this represents focalization of staphylococci at 
such a point of trauma secondary to a bacteremia that is arising from some 
other portal, for instance, from the nasopharynx, is not known. It does appear 
possible, however, that small children, who are in most instances nasal carriers 
of staphylococci, infect these puncture wounds from their own noses. 

Turning to other aspects of infectious processes as seen in association with 
acute leukemia, in particular to bacteremic staphylococcal infections, some 
findings of unusual interest emerge. The conviction appears widespread among 
clinicians that patients with this neoplastic disease are especially vulnerable 
to infections, a viewpoint that may arise from the frequent observation of over- 
whelming bacterial sepsis when death is imminent from leukemia. Ina patient 
with acute leukemia there are many derangements that might be expected to 
enhance susceptibility to infection or to impair the host’s powers of resistance. 
Thus cancerous replacement by primitive leukocytes of the normal structure 
of the bone marrow, which becomes evidenced by anemia, thrombocytopenia, 
and entry into the peripheral circulation of granulocytes defective in both 
type or number, would lead one to suppose that—if the integrity of the marrow 
Is representative in part of the functional adequacy of host defense—defense 
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might then be poor indeed. Extensive cancerous infiltration of the liver, 
spleen, and, to some extent, the lymph nodes, might reasonably be assumed to 
affect, directly or indirectly, the fixed macrophages of the reticuloendothelial 
system, as well as the production of antibodies."® Adrenocortical hormones are 
commonly employed in treatment. These have repeatedly been shown to 
alter, usually for the worse, host reaction to infection. Finally, in the course of 
acute leukemia and its treatment, ulcerations of the mucosal linings often occur, 
thereby breaking one more normal barrier to invasion. 

The rapidity of progression in acute leukemia is such that, if untreated, 
death usually occurs within a few months after its clinical recognition.” Pres- 
ent-day therapy, with folic acid antagonists, purine analogues, adrenocortical 
hormones, supportive blood replacement, and antimicrobial therapy, extends 
the median life expectancy in children with acute leukemia to a year or longer.!8 
As long as antileukemic therapy is effective, remission of the cancer may be so 
complete that it is impossible to detect essential deviations from the normal 
by either clinical or laboratory studies. By implication then, the susceptibility 
to infection is conceivably that of the normal individual, so that, with good 
management, there would seem to be no a priori reason to expect undue sus- 
ceptibility to infection during phases of complete remission. 

This is not a matter of black and white, however. Shades of gray are easily 
detected during periods of progression or regression of the cancer. It is dur- 
ing these phases, particularly, which sometimes last for months, that factors 
appear to be operative which, in an unknown manner, afford more protection 
for the host against invading microorganisms than would be anticipated. While 
it was observed that the cases of staphylococcemia occurred with a somewhat 
periodic frequency that was suggestively related to periods of leukemic progres- 
sion, extended intervals were strikingly in evidence during which the bone 
marrow and peripheral blood were grossly deranged and hepatosplenomegaly 
was marked, without the presence of infection. 

Throughout their entire course, most of these patients carried abundant 
staphylococci within their noses or throats and, in general, went through several 
episodes of cancer relapse without bacteremic invasion by this microorganism. 
This is evident from the fact that 15 patients lived a year, and through one or 
more relapses of their cancer before the staphylococcemia was manifest. In 
these patients there were the usual intercurrent, upper-respiratory infections, 
and the acute infectious diseases of childhood, but scant evidence of serious 
bacterial disease. . 

A point was made earlier of the unexpectedly high rate of survival of these 
patients with acute leukemia and bacteremic staphyloceccal infection, 
Whether this is conceivably related to diminished virulence of the strains, 
with attendant alterations in such attributes as invasive potential or toxin 
production, we do not know. Recovery from the infection appeared to parallel 
the demonstration that cancer regression could still result from treatment with 
antitumor agents. ; 

In the experimental study of infectious diseases, use 1s made of animals that 
have been variously altered for purposes of analyzing the host factors concerned 
in infection. In the group of patients with acute leukemia who have been 
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presented here and, also, in some other neoplastic diseases such as the malig- 
nant lymphomas, nature has provided a ready-made experimental system in 
which much may be learned of the attributes of the human host whose derange- 
ments may frequently be comparable to such animal preparations. ; 

For more than a decade attention on the antimicrobial approach to infectious 
diseases has been intense. The current renaissance of interest in the properties 
of the host especially, and of the invading microorganisms, promises to be 
fruitful, not only theoretically, but in the practical conquest of the problems 
of infection that remain. 
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MICROCOCCIC ENTERITIS AND PSEUDOMEMBRANOUS 
ENTEROCOLITIS AS COMPLICATIONS OF 
ANTIBIOTIC THERAPY 


By William H. Dearing 


Section of M edicine, M ayo Clinic; and Mayo Foundation, Graduate School of 
the University of Minnesota, Rochester, Minn. 


The purpose of this paper is to present studies on a series of patients in whom 
resistant strains of coagulase-positive Micrococcus pyogenes (Staphylococcus 
aureus) appeared in the intestinal tract in varying numbers after the oral 
administration of various antibiotic agents that markedly diminished or elimi- 
nated the normal intestinal bacteria. 

These studies could be presented in many different ways, but perhaps it 
would be well to review the circumstances that initiated the investigations at 
our institution into the problem and then to record some of the clinical and 
laboratory data collected on patients with micrococcic enteritis and pseudo- 
membranous enterocolitis. 


Background Data 


In 1952 and early in 1953, during the course of a planned study to learn more 
about pseudomembranous enterocolitis and postantibiotic diarrhea, it was 
found that the stools in some of the latter group of patients contained M. 
pyogenes in pure culture. 

A review of the literature at that time indicated that others had previously 
recorded findings pertinent to this problem. Jackson and his associates,! 
stated that 7 out of 91 patients with pneumococcal pneumonia died after ad- 
ministration of Terramycin. In 3 of the 7 fatal cases severe diarrhea was 
present, and cultures of both the sputum and the stools disclosed M. pyogenes. 
Janbon and his co-workers”: * reported severe diarrhea in 9 of 200 patients who 
had various types of disease and who received Terramycin. They considered 
staphylococci to be important in this complication and advised that diarrhea 
was an indication to discontinue administration of the drug and to institute 
symptomatic therapy. Reiner and his colleagues* reported necropsy studies 
in 5 cases of pseudomembranous colitis after use of Aureomycin and chlor- 
amphenicol. Cultures of the stools did not show any enteric pathogens. 
These investigators considered the antibiotic agent to be the cause of pseudo- 
membranous colitis. Haight and Finland’ reported 1 case of pneumococcal 
pneumonia treated with Terramycin in which diarrhea developed and in which 
M. pyogenes was found in cultures of the stools. Recovery occurred after the 
administration of erythromycin. Bernhart® recorded 2 cases of fatal enterocoli- 
tis associated with the use of Terramycin. In 1 of these cases, micrococcl 
were found in the diarrheal stools. Meier? reported 3 cases of fatal circulatory 
collapse after the use of Terramycin. He assumed that staphylococci were the 
cause. Heilman and [8 reported our initial experience with micrococcic enter1- 
tis in March 1953. Since that time numerous publications have appeared 
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dealing with various aspects of the problem, among which are the papers of 
Terplan and his co-workers® and Speare.'” 

The bacteriologic methods employed in the present study are the same as 
those described in a previous publication.’ The pathologic criteria for pseudo- 
membranous enteritis or enterocolitis are the same as those recorded by Pettet 
and his associates." 

There has been considerable confusion in the literature regarding the signifi- 
cance of postantibiotic diarrhea. This diarrhea may occur without culturable 
M. pyogenes in the stools. A series of 15 patients has been observed with post- 
tetracycline diarrhea that disappeared without any specific treatment. Dis- 
continuation of the use of the oral antibiotic was all that was required-to permit 
the diarrhea to cease within a few days. Culturable M. pyogenes was not 
found in the stools of these patients at any time during the course of the diar- 
rhea. Negative stool cultures, along with various combinations of yeasts, 
Proteus, and Pseudomonas, were the rule in these patients, but a few of the 
patients also had the usual flora present in the intestine. In several of the 
individuals who underwent proctoscopic examination and roentgenographic 
study of the colon there was no evidence of intestinal inflammation. The 
cause of the diarrhea in this group of patients was not determined by controlled 
studies, but it can be stated that M. pyogenes was not cultured from the intes- 
tinal contents during the stage of active diarrhea. 

On the contrary, there is no reasonable doubt that M. pyogenes growing in 
large numbers and in more or less pure culture in the intestinal tract of man 
can give rise to definite gastrointestinal and systemic complaints. These 
symptoms vary in intensity from simple weakness, nausea, mild abdominal 
distention, low-grade fever, and a few loose stools to severe exhaustion, marked 
nausea, severe vomiting, extreme abdominal distention, high fever, excessive 
sweating, copious diarrhea, mental confusion and, finally, mild degrees of 
shock. 


Present Series of Cases 


Studies designed to show the relationship between the gastrointestinal as 
well as the systemic symptoms and the growth of M. pyogenes in the intestinal 
tract, both with and without pseudomembranous enterocolitis, are grouped, 
for the purpose of simplifying the presentation, as follows: 

Group I (20 cases*). ‘This group includes those patients in whom intestinal 
cultures revealed either a few micrococci (M. pyogenes) along with many colon 
organisms (Escherichia coli) and other normal intestinal flora, or moderate 
numbers of micrococci associated with the usual intestinal bacteria. The 20 
patients with only a few micrococci in the intestine did not exhibit any unto- 
ward gastrointestinal complaints while, in the 6 patients with moderate num- 
bers of micrococci, mild diarrhea, slight abdominal distention, and some sys- 
temic weakness did develop. Discontinuation of the use of the oral preparation 
of tetracycline was sufficient to permit the normal intestinal flora to suppress 
the growth of M. pyogenes. The mild symptoms disappeared as these micro- 
cocci decreased in numbers in the intestinal tract. 


* Six cases reported previously as cases 1 to 6.8 
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This group of patients illustrates that a few resistant micrococci may exist 
in the intestine without giving rise to any symptoms and that, even though 
moderate numbers of micrococci exist in the intestine, the symptoms may be 
mild to moderate, yet temporary, as long as the usual bacterial flora is present 
in the intestine and use of the tetracycline derivatives, if they are being ad- 
ministered, is discontinued. 

Group 2 (42 cases*). This group is composed of those patients in whom 
varying degrees of nausea, vomiting, diarrhea, abdominal distention, fever, 
weakness, and exhaustion developed and who simultaneously had in the in- 
testinal tract large numbers of M. pyogenes in more or less pure culture. The 
usual intestinal bacterial flora was absent or present in relatively small numbers. 
The patients in this group received one of the tetracycline derivatives for 
various types of diseases or for preparation of the intestine for surgery. It 
was among this group of patients that we first observed that M. pyogenes was 
a factor in some of the cases of postantibiotic diarrhea. Each patient in this 
group received, by mouth, erythromycin (300 to 400 mg. 4 times a day) or, less 
commonly, bacitracin (20,000 units 4 times a day), or neomycin (1 gm. 4 times 
a day). All of the untoward symptoms disappeared as the micrococci were 
eliminated from the intestinal tract. Three patients in this series were given 
novobiocin orally (500 mg. 4 times a day). This antibiotic removed the in- 
testinal micrococci, and the untoward symptoms disappeared. 

This relatively large series of patients illustrates that significant numbers of 
resistant strains of M. pyogenes are not uncommon in the hospitalized patient 
when one of the tetracycline drugs is administered orally. It also shows that 
micrococcic enteritis is a reversible disease and is far from being universally 
fatal as some authors would lead one to believe. 

Group 3 (12 casest). This group consists of patients who were prepared for 
intestinal operations with oxytetracycline given orally and were found to have 
M. pyogenes in the intestine in more or less pure culture at the time of the oper- 
ation. The administration of oxytetracycline was discontinued, and erythro- 
mycin was given by mouth immediately postoperatively in doses of 300 to 400 
mg. 4 times a day. M. pyogenes disappeared from the intestinal tract, and no 
untoward gastrointestinal or systemic reactions occurred. 

This group of patients demonstrates that even though M. pyogenes organisms 
are present in the intestine in pure culture they can be eliminated by the 
prompt administration of the proper antibiotic agent before the micrococct 
have had sufficient time to produce significant untoward symptoms. 

Group 4 (4 casest). This group also includes patients in whom M. pyogenes 
was found in the intestine in pure culture at the time of the operation. Ad- 
ministration of oxytetracycline was discontinued in these patients and they 
were observed for untoward systemic symptoms related to the presence of 
micrococci in the intestine. All patients so observed experienced rather severe 
gastrointestinal and systemic reactions. ‘These untoward symptoms subsided 
as the micrococci disappeared from the stools after subsequent administration 
of erythromycin was begun. This group enhances the evidence that M. 

* Eighteen cases reported previously as cases 20 to 37.8 


+ Nine cases reported previously as cases 7 to 15.8 
t Four cases reported previously as cases 16 to 19. 
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pyogenes was the etiologic agent in these untoward gastrointestinal and systemic 
complaints. ; 

Group 5 (11 cases*). This group consists of those patients who received a 
tetracycline derivative and who experienced nausea, vomiting, distention of 
the abdomen, severe diarrhea, fever, mental confusion, and shock, and who 
finally died. Necropsy showed pseudomembranous enteritis or enterocolitis, 
and cultures of the intestinal contents at the time of death revealed numerous 
micrococci (M. pyogenes) in pure culture. This group illustrates that pseudo- 
membranous enterocolitis and M. pyogenes may exist at the same time in the 
intestine of the patient. 

Group 6 (4 cases). This group is composed of those patients in whom 
necropsy studies showed pseudomembranous enterocolitis and either a few M. 
pyogenes organisms or moderate numbers of M. pyogenes along with the usual 
mixed intestinal flora. These findings indicate that pseudomembranous enter- 
ocolitis may exist with the normal intestinal flora plus varying numbers of M. 
pyogenes. It was noted in group 1 that mild micrococcic enteritis might be 
present with the normal flora plus varying numbers of M. pyogenes in the in- 
testine. 

Group 7 (5 casest). In this group are included those patients who died of 
pseudomembranous enteritis or enterocolitis (confirmed at post-mortem exam- 
ination), but in whom cultures made from the intestine both before and at the 
time of death failed to reveal M. pyogenes or any enteric pathogens. One of 
the patients in this group did not receive any antibiotic agent at any time orally 
or parenterally. 

This group illustrates that pseudomembranous enterocolitis may exist in 
patients without culturable M@. pyogenes in the intestine. The group is com- 
patible with many of the cases reported by Kleckner and his associates!” and 
by Pettet and his associates,' except that these investigators did not study 
thoroughly the bacterial flora at the time of death of the patients and did not 
use selective media to permit the recognition of M. pyogenes if present. 

In the near future my colleagues and I will publish the detailed clinical, 
bacteriologic, and pathologic findings in patients with pseudomembranous 
enterocolitis. 

Group 8 (2 casest). This group consists of patients who had typical clinical 
symptoms of micrococcic enteritis (nausea, vomiting, severe diarrhea, abdomi- 
nal distention, fever, rapid pulse rate, extreme exhaustion, and mental con- 
fusion) and who had large numbers of micrococci (M. pyogenes) in pure culture 
in the intestine at the time of death. The cause of death (confirmed at nec- 
ropsy) of one of these patients was considered to be peritonitis following sepa- 
ration of the sutures at the site of removal of a sigmoidal polypoid lesion. The 
other patient underwent resection for an intestinal neoplasm but died postop- 
eratively of acute myocardial infarction (proved at necropsy). Both patients 
had received antibiotic therapy preoperatively and postoperatively. At necropsy 
the mucosa of the intestine in each patient failed to show pseudomembranous 
enterocolitis. 


* Four cases reported previously as cases 39 to 42.8 
} One case reported previously as case 43.8 
t One case reported previously as case 38.8 
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This group is interesting in that there was no evidence of pseudomembranous 
enteritis or enterocolitis in spite of the clinically severe micrococcic enteritis 
and positive cultures for M. pyogenes in the intestine at the time of death. It 
illustrates that micrococcic enteritis can exist without the presence of a pseudo- 
membrane in the intestine. This finding is compatible with the clinical im- 
pressions entertained in groups 2, 3, 4, and 5. 

Group 9 (6 cases). In this group the clinical diagnosis of pseudomembranous 
enterocolitis was made, based on the presence of nausea, vomiting, abdominal 
distention, severe diarrhea, fever, tachycardia, mental confusion, and definite 
clinical shock. All of these patients received one of the tetracycline derivatives 
before the onset of their illness, and use of the drug was discontinued promptly 
as soon as the diarrhea developed. Three of the patients had M. pyogenes in 
the intestine in pure culture. The administration of erythromycin removed 
the micrococci from the intestine, while supportive measures were instituted 
to combat the shock as well as the loss of fluid and electrolyte. These 3 pa- 
tients recovered completely. The other 3 patients, unfortunately, did not have 
stool cultures made but recovered after the use of measures designed to com- 
bat shock and the loss of fluid and electrolyte. It is not known whether M. py- 
ogenes Was present or absent in the stools of these 3 patients, but antimicrococ- 
cal drugs were not used in their management. 

It is granted that the diagnosis of pseudomembranous enterocolitis in these 
6 patients is presumptive and based on clinical findings plus severe degrees of 
shock. In our experience, micrococcic enteritis (uncomplicated by septicemia, 
peritonitis, pneumonia, and so forth) is seldom accompanied by more than 
mild degrees of shock, while severe shock is the rule in pseudomembranous en- 
terocolitis with or without the presence of M. pyogenes in the intestine. 


Discussion 


These data indicate that not all postantibiotic diarrhea is related to M. py- 
ogenes in the stools but that there is a clearly definable symptom complex re- 
lated to the presence of large numbers of resistant micrococci in the intestine 
of patients who have received antibiotic agents that have suppressed the normal 
intestinal flora. 

It was postulated in 1953° that the symptoms produced in micrococcic en- 
teritis are the result of toxins produced by M. pyogenes growing in large numbers 
in the intestinal tract. Surgalla and Dack™ have presented experimental evi- 
dence to show that 30 of 33 strains of M. pyogenes isolated from the intestinal 
tract of patients with micrococcic enteritis produced an enterotoxin. It is pre- 
sumed that the enterotoxin gives rise to the gastrointestinal as well as to the 
systemic symptoms. 

Under normal conditions M. pyogenes is seldom present in the feces and never 
present in large numbers. When the usual bacterial flora of the intestine is 
inhibited by the administration of antibiotic agents, strains of M. pyogenes 
that are resistant to these antibiotic agents may proliferate rapidly in the in- 
testine and produce both systemic and gastrointestinal symptoms. The mi- 
crococci will persist, unless removed by chemotherapy, until they are replaced 


by the normal intestinal flora. 
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It was noted in the course of our initial investigation that many of the pa- 
tients in that study harbored resistant strains of M. pyogenes in their throats. 
This suggests that these antibiotic-resistant organisms are transferred from the 
upper part of the respiratory tract and pharynx of 1 patient to that of another 
in the hospital, or from hospital personnel to the patient. If a person harbor- 
ing these resistant strains of micrococci in the upper respiratory tract or throat 
receives, for any reason, an antibiotic agent that is capable of suppressing the 
normal intestinal bacterial flora, these micrococci may pass into the intestinal 
tract where they will grow in profusion because of the absence or greatly de- 
creased presence of the normal intestinal flora. Patients have been observed 
who received antibiotic agents that eliminated the intestinal flora completely 
at the time of an operation on the intestine, but who, a few days later, had anti- 
biotic-resistant M. pyogenes in the intestine in large numbers. It is presumed 
that the micrococci passed into the intestine from the nasopharynx where they 
were cultured in varying numbers. Thus it cannot be assumed in the hospital 
that, if the intestine is free from all bacteria at the time of surgical resection for 
an intestinal lesion (such as carcinoma), micrococci will not appear in the bowel 
within 3 to 9 days postoperatively to produce micrococcic enteritis. 

These studies indicate that when diarrhea develops in a patient during the 
course of oral or parenteral administration of any antibiotic that may signifi- 
cantly decrease the normal intestinal flora, use of the antibiotic should be dis- 
continued immediately and both smears and cultures should be made from the 
stools. If the smear reveals micrococci, treatment with some chemotherapeutic 
agent should be started promptly. Erythromycin is the agent most commonly 
used at the present time but, if sensitivity studies indicate resistance to eryth- 
romycin, then bacitracin, novobiocin, neomycin, or some other appropriate 
antibiotic should be used. If the patient is not seriously ill and M. pyogenes is 
not present in large numbers, discontinuation of the administration of the anti- 
biotic agent to which micrococci are resistant may be all that is necessary (es- 
pecially if the patient is able to eat an adequate diet). 

These studies show that pseudomembranous enterocolitis may be associated 
with M. pyogenes in pure culture in the intestine or that the pseudomembrane 
may exist in the intestine without culturable M. pyogenes. Furthermore, the 
studies indicate that M. pyogenes may be present in pure culture and may be 
associated with the characteristic symptoms of micrococcic enteritis when no 
pseudomembrane can be demonstrated in the intestine. Hence, it is possible 
that M. pyogenes may be a factor in accentuating or producing some of the cases 
of pseudomembranous enterocolitis. This organism, however, does not offer 
an adequate basis for explaining all the cases of pseudomembranous enterocoli- 
tis presented in these studies. 

These findings emphasize a fact that has been stressed by many writ- 
ers, namely that antibiotic agents should be used only when they are specifi- 
cally indicated and should not be used promiscuously for the treatment of minor 
illnesses. These agents, even though they suppress the normal intestinal flora, 
are not contraindicated in diseases that respond to their use. 
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Conclusions 


Not all patients with postantibiotic diarrhea have culturable M icrococcus 
pyogenes in the intestinal tract. 

Antibiotic-resistant strains of M. pyogenes, when present in small numbers 
along with the normal intestinal flora, may not produce any symptoms. On 
the contrary, these organisms, when present in large numbers or in pure culture 
in the intestine, may produce varying degrees of fairly characteristic gastro- 
intestinal and systemic reactions that have been called “micrococcic enteritis,” 

Micrococcic enteritis, produced by M. pyogenes, may exist without any defi- 
nite pseudomembrane in the intestine. 

Micrococcic enteritis, even when marked, is a readily reversible disease with 
proper chemotherapy and supportive measures. 

Conversely, pseudomembranous enteritis or enterocolitis is a serious illness 
and may exist both with and without culturable M. pyogenes in the intestine. 
Hence, this microorganism may be a factor in accentuating or producing pseu- 
domembranous enterocolitis, although it does not offer an adequate basis for 
explaining all cases of pseudomembranous enterocolitis. 

These studies show that it is possible to have a few patients with clinically 
diagnosed pseudomembranous enterocolitis recover after adequate supportive 
measures and perhaps antibiotic chemotherapy whenever M. pyogenes is also 
present in the intestine. 
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Discussion of the Paper 


Lercuton E. Crurr (Lhe Johns Hopkins Hospital, Baltimore, Md.): Sumner 
Wood and Ivan Bennett of The Johns Hopkins Hospital have recently studied 
an outbreak of a peculiar enteritis ina commercial colony of chinchillas.'. His- 
tologic examination of the gut in animals dying of diarrhea showed classic le- 
sions of pseudomembranous enterocolitis. The pseudomembrane contained 
huge clumps of gram-positive cocci. Detailed cultural studies were carried out, 
and it was shown that the disease in chinchillas was associated with an over- 
growth of the normal intestinal flora by hemolytic staphylococci. In many ill 
animals throat and rectal swabs yielded pure cultures of this organism. The 
colony had been fed for a period of 18 months on pellets containing nutritional 
amounts of chlortetracycline and, when pellets of similar nutritional composi- 
tion containing no antibiotics were substituted for this diet, the enteritis stopped 
and serial cultures showed a gradual disappearance of staphylococci from the 
stools of the animals. At the present time an attempt is being made to repro- 
duce this disease in the laboratory using the chinchilla as an experimental host. 
Nothing is known about the incidence of this disease in chinchillas, and this 
occurrence is reported simply to call attention to what is believed to be the first 
recognition of staphylococcal enteritis in an animal species and as a promising 
lead in the experimental study of the relationship between antibiotics, staphylo- 
cocci, and pseudomembranous enterocolitis. 
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THE UNKNOWNS OF STAPHYLOCOCCAL INFECTION 


By René Dubos 
The Rockefeller Institute for Medical Research, New York, N.Y. 


The greatest merit of this monograph is the emphasis that it places on all the 
uncertainties of our knowledge concerning the bacteriology, the pathogenesis, 
and the epidemiology of staphylococcal infections. Unfortunately, little posi- 
tive new information will be found in these pages. The only recourse remaining 
to the text-book writer will be to heed Chesterton’s advice and 

: never, never doubt 

What nobody is sure about. 
For the investigator, on the other hand, these papers will have mapped out 
many areas in which critical research is greatly needed. Among the many 
questions that cry out for an answer, I shall mention but a few of those that 
are implicitly or explicitly raised in this publication. 


Epidemiology of Staphylococcal Infections 


Two related questions of epidemiological interest are discussed with con- 
flicting views throughout this publication. One concerns the extent to which 
staphylococcal infections are becoming more prevalent and severe, either in 
hospitals or in the general population. The other has to do with recent reports 
that certain strains of Staphylococcus are peculiar in their ability to give rise to 
epidemics or to pathological states of great severity. 

We find in these pages several dramatic testimonials that tend to suggest that 
the Staphylococcus problem is rapidly increasing in practical importance, but 
these testimonials refer to localized outbreaks rather than to epidemic situa- 
tions. On the other hand we also find that staphylococcal infections in hos- 
pitals can be effectively controlled by the simple application of rigid aseptic 
techniques, although doubt has also been expressed as to the practicability and 
lasting efficacy of protective measures under practical conditions. Related to 
these problems are the many reports that certain medical procedures do in- 
crease the susceptibility of man to staphylococci. 

It is not likely that an adequate picture of the extent and importance of staph- 
ylococcal disease will emerge from the mere recital of individual experiences. 
To determine the magnitude of the problem and to identify its determinants it 
will be necessary to conduct surveys according to the proper epidemiological 
criteria. These epidemiological surveys would naturally acquire more meaning 
if it were possible to identify the strains of staphylococci normally present in the 
general population and those strains responsible for particular outbreaks. 

Much interest, theoretical as well as practical, has been added to the problem 
of strain identification by the many reports that cultures can rapidly undergo 
profound changes in some of the characteristics that affect their behavior im 
vivo. In consequence it would appear necessary that staphylococcal strains 
be characterized in the form in which they occur in diseased tissues, rather than 
as laboratory subcultures. These problems of laboratory diagnosis will cer- 
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tainly demand the development of new techniques and new reagents. Tn addi- 
tion to the determination of serological and bacteriophage types and to the 
measurement of drug resistance, it may prove useful to estimate quantitatively 
some of the components and products of staphylococci that are assumed to be of 
significance in pathogenesis. Certain laboratories should become specialized 
in these diagnostic studies since many of the techniques and reagents involved 
are not readily available to the hospital technician. 


The Persisters 


All investigators who have followed the fate of staphylococci in v1v0 have 
found that small numbers of these organisms persist for prolonged periods of 
time in various organs even under conditions that appear favorable for their 
rapid and complete elimination. This situation has been observed, for example, 
in animals with a clearing mechanism so highly and rapidly effective against 
staphylococci that the largest percentage of the injected organisms are killed 
within 2 hours after injection. Equally surprising is the fact that staphylococci 
persist in human beings or in animals receiving chemotherapy, even though the 
persisters may remain fully susceptible to the drug in use. Since it can hardly 
be doubted that these persisters are potentially of great practical importance, 
additional information is needed concerning the factors that account for their 
origin and that determine their ultimate behavior in the infected host. A few 
questions immediately come to mind in this regard. 

What is the nature of the local 77 viv0 environment, intracellular or extra- 
cellular, that provides for staphylococci a shelter that protects them against the 
host defense mechanisms and antimicrobial drugs? 

What are the morphological or physiological characteristics that endow staph- 
ylococci with the ability to persist 77 vivo? Are the persisters chiefly present in 
some peculiar phase of a life cycle, corresponding, for example, to the degraded 
G or D forms? Or do they consist of more normal cellular forms that exhibit a 
high degree of resistance to inimical agents merely because they are in a semi- 
dormant, resting metabolic state? 

What are the circumstances that upset the equilibrium between host tissues 
and persisters and allow the latter to resume multiplication? It would be im- 
portant to know what changes in the immune state of the host or what physi- 
ological factors can thus be responsible for reactivation of the infectious process. 


Determinants of Virulence and Reactions of Immunity 


Among pathogenic microorganisms, staphylococci stand in a special position 
by virtue of the large numbers of their cellular constituents and products that 
have been claimed to be correlated with virulence. Production of pigments, 
of coagulase, of hyaluronidase, of leukocidin, of various hemolysins, of phos- 
phatase, and so forth are all cultural characteristics that occur with a very high 
degree of frequency among virulent strains. On the other hand, it is equally 
true that none of these characteristics has been convincingly shown, thus far, to 
play a determinant part in the ability of staphylococci to become established 
in vivo or to cause disease. Fortunately several of the papers in this monograph 
have revealed interesting new facts that will certainly serve as useful guides for 
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future studies on the relations that exist between cultural characteristics and 
pathogenic properties. 

It has been repeatedly emphasized, for example, that staphylococci can 
undergo rapid and profound alterations in some of their most interesting proper- 
ties. Some of these alterations appear to be hereditary, the results of mutation- 
like phenomena. They become manifest when some change in the environ- 
ment, i vilro or in vivo, gives a selective advantage to the mutant forms. 

Cases have also been described in which the phenotypic manifestations of the 
genotype are markedly influenced by physicochemical factors of the environ- 
ment. Thus certain macromolecular anions that do occur in the tissues can 
inhibit the activity and even the production of hyaluronidase, as well as of other 
staphylococcal products. Of even greater interest perhaps, is the fact that a 
strain of Staphylococcus that has partly lost the ability to produce hyaluronidase 
may not recover its full potential ability in this regard until it has multiplied in 
the proper medium for many generations. 

The readiness with which staphylococci exhibit these genotypic and pheno- 
typic changes makes it extremely difficult to define a strain in terms of its path- 
ogenic potentialities, Even the recovery of a culture directly froma lesion may 
at times yield erroneous or at least incomplete information concerning the char- 
acteristics of the staphylococci that were initially responsible for the disease. 
It seems possible, for example, that the organisms that initiate the disease proc- 
ess may become profoundly altered in some of their characteristics during se- 
questration inanabscess. In other words, a culture directly recovered from an 
abscess may have lost temporarily some of the very properties that had first 
endowed it with invasive power. 

Nowhere in this monograph is there any discussion of acquired protective 
immunity to staphylococcal infection, except for a few limited statements con- 
cerning antitoxic immunity. This neglect reflects, of course, the lack of knowl- 
edge and of experimental work on the subject. It is probable that studies on 
acquired immunity would be greatly facilitated if the constituents or products 
of staphylococci responsible for their ability to establish infection and to cause 
lethal damage had been properly identified. Until this has been done, attempts 
at vaccination are likely to remain empirical and probably fruitless, since there 
is as yet no guide to determine the orientation to be given to the immunization 
process. 


Determinants of Host Susceptibility 


Throughout this publication, there is an implicit or explicit recognition by 
most of the authors that the susceptibility of human beings to staphylococcal 
infections can be affected profoundly by nonspecific factors. Unfortunately 
this recognition has not been supplemented by either experimental facts or 
working hypotheses. I shall take the liberty, therefore, to present in a very 
abbreviated and dogmatic manner some conclusions pertaining to this problem 
that have been reached as a result of work done in my laboratory in collabora- 
tion with R. W. Schaedler and J. Maclean Smith. Our approach to the prob- 
lem of susceptibility to infection has been to study the effect of a number of 
nonspecific factors both on the life expectancy of mice infected by the intra- 
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venous route with staphylococci and on the survival and multiplication of the 
cocci in their organs. In brief we have found that the susceptibility of mice to 
a standard infection can be increased or decreased at will, and that the changes 
in susceptibility can occur very rapidly, often in a matter of hours. Moreover, 
these changes are often completely reversible within short periods of time. 
Only a few of the nonspecific factors that can bring about these changes in 
susceptibility need be mentioned here. They include nutritional and other 
metabolic disturbances (for example, those associated with the acute phase of 
starvation, uncontrolled diabetes, and von Gierke’s disease), a variety of tox- 
emias (as caused, for example, by the injection of bacterial endotoxins), sub- 
clinical allergic reactions, and the like. Changes in the vascular bed, in the 
inflammatory response, and in the biochemical environment prevailing at the 
site of infection, probably play a role as important as that of the specific im- 
munological state in determining the outcome of the infectious process. 

The reversibility of the changes in susceptibility and the multiplicity of the 
nonspecific factors that can bring them about point to the highly dynamic char- 
acter of staphylococcal infections. The tissue environment determines the 
outcome of infection, not only through metabolic reactions that affect quanti- 
tatively the survival and multiplication of the staphylococci, but also, as we 
have seen, by changing qualitatively the very characteristics of the microorgan- 
isms that are of importance in pathogenesis. 

The analysis of these complex dynamic relationships will require new con- 
cepts and new techniques to supplement those of classical immunology. In ad- 
dition to their practical importance, staphylococcal infections provide excellent 
material for the investigation of these problems. Because they illustrate in 
such an obvious manner that the physiological state of the host is as important 
a determinant of disease as is the virulence of the microorganism, the study of 
staphylococcal infections will very likely throw light on the mechanisms that 
control the dynamic and ever-changing interrelationships between host and 
parasite. 
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